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CHAPTER 4

TREATMENT TECHNOLOG ES

4-1. Applicability. This chapter provides descriptive information on state-
of -t he-art design nmethodol ogy for the treatnment of industrial and hazardous
waste. The information presented is applicable for the planning | evel design
of remedial action treatnment systenms. The process designs described nust be
adjusted for site-specific conditions to ensure appropriate technol ogy
application.

4-2. Techni gues. Because hazardous waste treatnent nust consider so many
materials and conditions, good reliable treatability data are essenti al
Consi derable information is available in the literature that can be used in
pl anni ng | evel designs and should be extracted and conpil ed under one cover
However, final designs nust be based upon field data ascertained from bench
and/ or pilot plant scale testing of specific waste streams. EPA Gui dance
Manual Guide for Conducting Treatability Studies under CERCLA gives an
excel | ent coverage of this area.

Section |. Treatnent of Liquid Waste Streans

4-3. Definitions. Liquid waste streans include |eachates, ground water,
surface water, concentrated hazardous wastes, and effluents resulting from
ot her treatnment technol ogies such as incineration or soil washing. The tech-
nol ogi es presented in this section are comonly used for the treatnment of
liquid waste streans.

4-4. Air Stripping. Air stripping renoves volatile contam nants from an
aqueous waste stream by passing air through the wastes. This process can be
acconpl i shed either in a stripping |lagoon or in a packed colum. \When air is
passed through the waste the volatile dissolved gases are transferred to the
air streans for possible collection and treatment in the case of a packed
colum, if the air streamis considered hazardous. Figures 4-1 and 4-2
illustrate both processes. The mmjor factors affecting perfornmance and design
i ncl ude pH, tenperature, Henry*s |aw constant of the chenmicals to be stripped,
airflow, hydraulic |oading, and colum packing depth and spacing. The process
requires a high pH,£ 10.8 to 11.5 for ammonia stripping, and increased airflow
as the tenperature of the influent stream decreases.

a. Applications. Air and steam stripping have been used to renove
vol atil e organic conpounds (phenol, vinyl chloride, etc.) and conpounds with
rel atively high vapor pressure and | ow solubility such as chlorinated hydro-
carbons fromwaste streans. Air stripping has been directly applied to
ground-water treatment in renoving trichloroethylene (TCE), trihal onethane
(THM, and hydrogen sulfide. Renmpoval rates as high as 99 percent for TCE from
ground wat er have been seen. Air stripping has been widely used to renove
amoni a from wastewaters with renoval efficiencies exceeding 90 percent.
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AIR SPRAYING OF RECYCLED POND WATER
CLARIFIED LIME
TREATED WASTEWATER
pH=110 £
A\
l OUT pH = 10.8%
Figure 4-1. Ammonia Stripping Lagoon (Source: EPA 1978)

b. Advant ages/ Di sadvant ages.
stripping are summari zed bel ow.

The advant ages and di sadvant ages of air

Advant ages

Di sadvant ages

Can reduce levels of volatiles by
over 90 percent

Process is relatively independent
of volatile concentration

Can reduce TCE concentrations
by 99 percent

Cost prohibitive to operate at
t enper atures bel ow freezing

Sensitive to pH, tenperature, and
fluxes in hydraulic | oad
May pose potential air pollution

probl ems requiring permitting,

recovery, and treatnment if hazardous
vol atil e organi c conpounds are
present in waste stream

c. Data Requirements. An air stripping systemrequires the follow ng

dat a.

(1) Feed streamcharacteristics.

(a) Average water flow, Q nfd (ngd)

(b) Peak water flow, nfd (ngd).

(c) \Water tenperature, T, °C (°F).

(d) Contam nant concentration in water, Xo, ng/(

(e) pH of water.

(2) Effluent stream characteristics (contanm nant concentration, X,
ng/ () .

(3) Design decisions.

4-2
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(a) Liquid loading rate, L, Ib HOhr/sq ft (Kg HJ hr/n%).
(b) Gas loading rate, G Ib air/hr/sq ft (Kg/hr/n¥).

(c) Tower width, W or dianeter, D, ft (m.

(d) Excess capacity factor.

(4) Packing characteristics (from manufacturer).

(a) Packing height of a transfer unit versus gas/liquid ratio (GL),

ft (m.

(b) Height of a transfer unit for cooling versus gas and liquid
| oading rates, ft (m.

(c) Pressure drop characteristics as function of gas | oading.
(5) Henry*s law. Constants for chenmicals to be stripped, H atm

d. Design Criteria.

(1) Air stripping can be carried out either in a stripping |agoon or
in a packed colum. The major factors affecting performance and design
i nclude pH, tenperature, airflow, hydraulic |oading, and tower packing depth
and spacing. Cost and performance are relatively independent of influent
amoni a concentrations. For materials |ike amonia, the pH nmust be raised to
a point where all or nearly all ammonia is converted from ammoni umion NH, to
NH, gas. The pH for efficient operations varies fromabout 10.8 to 11.5.
VWere line precipitation is part of a treatnment schene, it is advantageous to
| ocate the ammonia stripping unit after linme precipitation to take advantage
of the high pHin the clarifier effluent.

(2) As water tenperature decreases, it beconmes nore difficult to
renove vol atiles by stripping. The ampunt of air per gallon (nf) must be
increased to nmaintain renmoval as tenperature decreases. It is inpractical to
heat stripping units when the tenperature reaches freezing.

(3) The hydraulic loading rate in a packed tower is a critical factor
in determning performance. |f hydraulic |oading becomes too high, good drop-
let formation needed for efficient stripping is disrupted. If the rate is too
| ow, packing nmay not be properly wetted, resulting in poor perfornmance and
formation of scale. To determ ne the packing height required in an air strip-
pi ng col um use equation 4-1

L r /¥ * (R-1) + 1 4-1
Zy = 3 *®T 1n - (4-1)




wher e

wher e

wher e

Z; = packing height, m(ft)

L =1liquid loading rate, kg/hr/n?¥(lb HO hr/sq ft)
Xy = contam nant influent concentration, ng/¢
Xg = contam nant effluent concentration, ng/¢
K. = mass transfer coefficient
K., (L 1-n (g 0.5
¥ EH
Mg, = liquid viscosity, kg/mhr (Ib/ft/hr)
D, = density of liquid, kg/n? (lb/ft?)
D = dianmeter of colum, m(ft), determ ned experimentally
R = stripping factor
_GxP/M, H
T+EM, P
G = air loading rate, kg/hr/nf (lb/hr/sq ft)
P,= air density, 1.205 g/nt @20 °C (0.075 I b/ft®*@70°F)
M, = nol ecul ar wei ght of air, 28.84, gmw
P, = liquid density, 998.2 kg/nt @20 °C (62.3 Ib/ft*@70 °F)
M, = nol ecul ar wei ght of water, 18, gmw
H = Henry*s | aw constant, atm

P, = operating pressure, atm 1.0 at sea | evel

(4)

VWhere ammoni a concentrations are high (in excess of 100 ng/l),
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it

may be attractive both economcally and environnentally to recover the amonia

in an

adsorption tower. Wth good countercurrent contact,

90 to 95 percent of
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t he amoni a can be transferred to the adsorption solution. Figure 4-3 illus-
trates the ammoni a renoval and recovery process.

MOTOR
= PUMP
GAS STREAM WITH AMMONIA INCREASED —D\—{ ]
WASTEWATER CONTAINING w —DUCTING (TYPICAL)
DISSOLVED AMMONIA (NH3) 1 ACID AND
ri-- Lwazes makeue
RECYCLED
TR ABSORBENT
STRWPPING ABSORPTION LIQuUID
= _UNIT UNIT P, PUMP
——————— —— A
w >
*GAS STREAM-AMMONIA {

REDUCED BY ABSORPTION
- AMMONIA SALT BLOWDOWN
b WASTEWATER STRIPPED OF NEARLY OR DISCHARGE TO STRIPPER
ALL OR PART OF AMMONIA (NH ;)

Figure 4-3. Ammonia Stripper and Recovery System

(5) When used for treatnent of waters containing volatile organics,
air stripping results in off gasses that nay exceed regulatory criteria. Of
gas treatnent systems such as activated carbon or thernmal destruction using
i ncineration or catal ytic oxidation nay be required.

4-5. Biological Treatnment.

a. Backaground.

(1) The nmjor objectives of biological treatnent of |eachate and con-
tam nated ground water are to reduce the dissolved organic content, to renove
heavy nmetal s and nutrients such as nitrogen and phosphorus, and to coagul ate
and renove colloidal solids. The major treatnment effects are caused by incor-
poration of these materials into m croorgani snms* tissues. The m croorganisns
can either be attached to nmedia (trickling filters, rotating biol ogica
contactors, or anaerobic filters), or settled out and di scarded (| agoons and
stabilization ponds), or recycled (activated sludge systens). The biol ogica
unit processes are listed in Table 4-1

(2) Most organic chemicals are bi odegradabl e, although the relative
ease of biodegradation varies widely. Wth properly acclimted m crobia
popul ati ons, adequate detention tine, and equalization to ensure uniformfl ow
bi ol ogi cal treatment can be used to treat many organics. There is consider-
able flexibility in biological treatnment because there are several available
processes, and m croorgani sns are remarkably flexible. Several generaliza-
tions can be nmade about the biological treatnment of organics:

4-6
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(a) nonaromatic (noncyclic) hydrocarbons are nore easily treated than
aromati cs;

(b) materials with unsaturated bonds, such as al kenes, are nore easily
treated than materials with saturated bonds;

(c) stereochenmistry affects the susceptibility of certain conpounds to
attack

(d) soluble organics are usually nore readily degraded than insol uble
materi al s; dissolved or colloidal naterials are generally nore readily
degraded than insoluble materials. Dissolved or colloidal materials are nore
readi ly attacked by enzynmes; and

(e) the presence of key functional groups at certain |ocations can
af fect the degradation rate of conpounds; al cohols, for exanple, are nore
easily degraded than their al kane or al kene honol ogues. On the other hand,
addition of a C group or an NGO, group increases resistance to bi odegradation

(3) Although nany conmpounds in | eachate and contam nated ground water
may be resistant at first to biological treatment, microorgani sns can be
acclimated to degrade many of these. Similarly, while heavy nmetal s hinder
bi ol ogi cal treatment, the biomass can also be adjusted, within lints, to
tol erate higher concentrations of metals. Concentrations of netals above
which the treatment efficiency of biological processes nmay | essen are as
fol |l ows:

I nhi bitory
t hreshol d
Mat er i al (mg/ 0)

Anmoni a 480
Arsenic 0.1
Cadni um 1to5
Cal ci um 2500
Chrom um ( +3) 10
Chrom um ( +6) 1to 10
Copper 1to 10
[ron (+3) 15
Lead 10
Manganese 10
Mer cury 0.1to 5
Ni ckel 1to 2.5
Silver 0.03
Vanadi um 10
Zi nc 1to 10
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b. Suspended Growth (Activated Sludge). Activated sludge is a hetero-
geneous suspended grow h m crobial culture conposed | argely of bacteria,
protozoa, rotifers, and fungi. The bacteria are responsible primarily for
assimlating nost of the organic material fromthe waste; the protozoa and
rotifers conplete the process by renoving the dispersed bacteria that other-
wi se woul d escape in the plant effluent, giving high COD and suspended soli ds.
Aeration can be by air or by pure oxygen. Activated sludge systens are
usual |y made up of several unit processes, including primary sedi nentation, an
aerated reactor with sludge recycle, and clarification in a settling tank. A
di agram of a typical activated sludge systemis presented in Figure 4-4.

WASTEWATER INFLUENT E E - WASTEWATER EFFLUENT

h WP W \/J CLARIFIER
~®"  AERATOR

SLUDGE RESIOUE
RECYCLED SLUDGE

Figure 4-4. Typical Activated Sludge System (Source:
Arthur D. Little, Inc. 1976).

(1) Applications.

(a) The air-activated sludge process has proven effective in the
treatment of industrial wastewaters fromrefineries and coke plants, or
pharmaceuti cal wastes, PVC wastes, and food processing wastes. Conventiona
activated sludge has treated petrol eumwastes with a BOD;as high as 10, 000

ppm

(b) The process has al so been reasonably well denonstrated for the

treatment of |eachate fromnnunicipal landfills. At the GROAS landfill in
Bucks County, Pennsylvania, BOD renoval of over 98 percent was achieved for an
i nfl uent concentration of alnost 5,000 nilligrans per liter. Treatnent

i ncl uded physical/chenical as well as biological treatment. Experinments have
shown that activated sludge is generally well suited to treatnent of high
strength | eachates containing high concentrations of fatty acids. As the
landfill stabilizes, the ratio of BOD/ COD decreases and the wastes becone |ess
amenabl e to bi ol ogi cal treatnent.

(c) The activated sludge process is sensitive to suspended solids and

oil and grease. It is recomended that suspended solids be | ess than one
percent. G and grease nmust be less than 75 mlligrans per liter, and
preferably |l ess than 50 mlligrams per liter, for effective treatnent.

(2) Advant ages/di sadvant ages. The advantages and di sadvant ages of
both air- and pure-oxygen-activated sludge treatnment are summari zed bel ow
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Advant ages Di sadvant ages
Activated sludge has been widely Capital costs are high
used in industrial waste water
t r eat ment Process is sensitive to suspended

solids, fats and oils, and netals
Nuner ous process variations which

al l ow for high degree of Gener at es sl udge which can be high
flexibility in metals and refractory organics
Process reliability is good Subj ect to upsets from shock | oads
(al though not well known for
pur e- oxygen-acti vat ed sl udge) Fairly energy intensive
Can tol erate higher organic Q&M i nt ensi ve

| oads than nost biol ogica
treat ment processes

(3) Data requirenents. Principal data requirenments for the design of
a activated sludge systemincl ude:

(a) Specific BOD reaction rate coefficient (for retention tine).
(b) Oxygen coefficients (for oxygen requirenments).

(c) Sludge coefficients (biodegradable fraction).

(d) Biodegradabl e sludge fraction.

(e) Oxygen transfer coefficient.

(f) Standard oxygen transfer efficiency.

(g) Oxygen saturation coefficient.

(h) Tenmperature correction coefficient.

(i) Average and maxi mum i nfluent fl ow.

(j) Influent tenperature.

(k) Extrenme anbient tenperature, summer and wi nter

(1) Average and nmaxi mum i nfl uent BOD

(m Influent suspended solids.

(4) Design criteria.

(a) Key design parameters for activated sludge include aeration period

of detention tine; BOD | oadi ng per unit volune, usually expressed in terns of
pounds BOD applied per day per g BOD/nt (1,000 cubic feet) of aeration basin;

4-12
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and the food-to-microorganismratio (F/ M, which expresses BOD | oading with
regards to mcrobial mass (M.VSS). There are several nodifications of the
activated sludge process that may be used dependi ng upon the BOD | oadi ng and
the required treatnment efficiency. Table 4-2 sunmarizes the |oading and oper-
ational paraneters for aeration processes that may be applicable to treatnent
of hazardous | eachate.

(b) Even though conventional treatnent has linitations such as poor
tol erance for shock | oads, a tendency toward produci ng bul ki ng sl udge t hat
results in high suspended solids in the effluent, and | ow acceptabl e BOD | oad-
i ngs, these problens can be alleviated to varying extents with variations in
process design. The conpletely mixed activated sludge (CMAS) nodification of
the process (Table 4-2) is the nost widely used for treatnment of waste-waters
with relatively high organic | oads. The advantages of this systemare:

1 Less variation in organic loading, resulting in nore uniform oxygen
demand and effluent quality.

1 Dilution of the incom ng wastewater into the entire basin, resulting
in reduced shock | oads.

1 Uses the entire contactor contents at all tines because of conplete
m xi ng.

(c) The extended aeration process involves |long detention tines and a
low F/Mratio (0.1). Process design at this low F/Hratio results in a high
degree of oxidation and a m ni mum of excess sludge. The contact stabilization
process--in which biological solids are contacted with the wastewater for
short periods of tine, separated, and finally aerated to degrade absorbed
or gani cs- - has shown sonme success for industrial wastes with a high content of
suspended and col | oi dal organics. Pure oxygen systens have resol ved severa
maj or drawbacks of conventional treatment. Pure oxygen systens show i ncreased
bacterial activity, decreased sludge vol une, reduced aeration tank vol ume, and
i mproved sludge settling. The pure oxygen process has been denonstrated to be
applicable to a wide range of wastes at high F/Mratios. Such wastes streans
i ncl ude: petrochem cal, dye, pharmaceutical, and pesticide wastes.

(d) In addition to process variations, there are several neasures
avail able for mnimzing process upsets and maxim zing stability:

I  The deleterious effects of hydraulic and organic |oad variations can
be m nim zed by equalization preceding biol ogical treatnent.

I A commonly used method for providing increased biodegradation is to
i ncrease the inventory of biological solids in the aeration basin by
i ncreasing the sludge-recycle ratio or reducing sludge wastage. However there
is usually a tradeoff to such an approach. Higher sludge quantities lead to
i ncreased need for food and air. Also, old heavy sludge tends to becone
m neralized and devoid of oxygen, creating a |less active floc. The rate of
return sludge may vary from 35 to 50 percent in systenms carrying a | ow M.SS
concentration (approximtely 2,000 mlligrans per liter) and from75 to 100
percent in systems carrying hi gher MSS.

4-13
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1 Suspended solids should be reduced as nuch as possi bl e by sedi nent a-
tion or filtration.

I Since kinetics of biological degradation are concentration-
dependent, dilution can mininize process upsets under sone conditions.

I Sludge bul ki ng, which | eads to poor effluent quality, can be con-
trolled by pH adjustment, sufficient aeration, and adequate nutrient supply.
An inmportant consideration for |eachate treatnent is that nmicrobial growh is
a function of the limting nutrient. Sonme |eachates may be phosphorus or
nitrogen limted. Requirenents for nitrogen and phosphorus are generally

N

5 kg/ 100 kg BOD; (5 I'b/100 | b BOD,) renoved

P

1 kg/ 100 kg BOD; (1 | b/100 BOD;) renoved

(e) Equiprment used for activated sludge treatnment varies considerably,
but the major types of aerators are nechanical surface, diffuse air, and
sparged turbine aerators.

1 Mechani cal surface aerators are npst econom cal but have the | owest
transfer rates.

I Compressed air diffusers: Coarse air diffusers have | ower energy
requi rement and | ower gas transfer efficiency. Fine air diffusers have higher
energy requirement and higher gas transfer efficiencies.

I Sparged turbine aerators use nost energy but have best gas transfer
efficiency. This formof diffused air is very fine and benefits from i nproved
gas transfer kinetics.

(f) Secondary clarifiers are used to separate activated sludge solids
fromthe mxed |liquor and to produce concentrated solids for the return flow
required to sustain biological treatnent. Average hydraulic |oading varies
from1l.6 to 3.3 nt/day/nt (400 to 800 gall ons per day per square foot) and
peak | oadings range from2.9 to 4.9 n¥ day/n? (700 to 1,200 gallons per day
per square foot), depending on MSS concentration and percent sludge recycle.
Average solids loading of 2.9 to 5.9 kg/hr/nf (0.6 to 1.2 pounds per hour per
square foot) and peak | oadings of 6.1 to 9.8 kg/hr/nf(1.25 to 2.0 pounds per
hour per square foot) are typical for activated sludge plants. Depths are
normally 3.7 to 4.6 m (12 to 15 feet).

c. Fixed Film(Trickling Filter). Trickling filters are a form of
bi ol ogi cal treatnent in which a Iiquid waste of |ess than 10,000 ng/(
suspended solids is trickled over a bed of rocks or synthetic media upon which
a slime of microbial organisns is grown. The nicrobes deconpose organic
matter aerobically; these conditions are maintained at the outer sline surface
by updrafts of air. Sone anaerobic deconposition may occur at the interior
surface adjacent to the trickling bed nedia. Periodically, the sline |ayer
sl oughs off due to the weight of the microbial growh or the hydraulic fl ow
rate of the effluent. A schematic diagramof a typical trickling filter
treat ment system appears in Figure 4-5.
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DIRECT RECIRCULATION, Qg4
r-‘----------
ava, : 1

LIFTPUMPS O PRIMARY ' Q+0Q,
FILTER I,l, A a >

Q+Qz+Qp EFFLUENT
RECIRCULATION PUMPS

SLUDGE

Oﬁ
INFLUENT

WEY WELL

Figure 4-5. Trickling Filter Recirculation (Source:
Hammer 1975, EPA 1982)

(1) Applications.

(a) Trickling filters are well suited to treatment of |ow fl ow waste
streans and are often used as roughing filters to reduce organic loads to a
| evel suitable for activated sludge treatnent. Trickling filters are cur-
rently used in conjunction with other treatment nmethods to treat wastewaters
fromrefineries, pharmaceuticals, pulp and paper nmills, etc. Efficiency of
trickling filters in the treatnent of refinery and petrochenical wastes ranges
from10 to 20 percent when used as a roughing filter to 50 to 90 percent when
used for secondary treatment. The process is nore effective for renoval of
col I oi dal and suspended materials than it is for renoval of soluble matter.

(b) Because of the short hydraulic residence tine on the filter mate-
rial, biodegradation along the filter media is generally insufficient as the
sol e neans of biological treatnent. For concentratrated wastes, a high rate
of recirculation would be required for significant reduction of organics. The
short residence tinme, however, has the advantage of allow ng greater varia-
tions in influent waste conposition as conmpared with activated sl udge or
anaerobic digestion. By placing a trickling filter in sequence with activated
sludge treatment, the filters could be used to equalize |oading variations
while the activated sludge woul d achi eve the high renoval efficiencies needed.

(2) Advant ages/di sadvant ages. Advantages and di sadvant ages of trick-
ling filters as conpared to other biological treatnent nethods and nonbi ol ogi -
cal nethods for removal of organics are as foll ows:
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Advant ages Di sadvant ages
Because of short hydraulic Vul nerabl e to bel owfreezing
resi dence times, process is not t emper at ur es

hi ghly sensitive to shock | oads

Limted treatnent capability in a
Suitable for renpval of suspended si ngl e- st age operation
or colloidal matter
Potential for odor problem
Has good applicability as a
roughing filter to equalize Has limted flexibility and
organi ¢ | oads control

Requires long recovery tine if
di srupted

Requires |l arge surface area
conpared with ot her biol ogica
treatment systens

(3) Data requirenents. The data required for trickling filter design
are generally the sane as for activated sludge with the exception of no
requi rements for biodegradabl e sludge fraction, average M.VSS, and nonbi o-
degradabl e fraction. Summer and wi nter anbient conditions are required, these
i ncl ude:

(a) Temperature.

(b) Wnd velocity.

(c¢) Insolation-solar radiation.
(d) Relative humdity.

(4) Design citeria.

(a) The variables that influence design and performance of the trick-
ling filter include: organic and hydraulic |oad, nedia type, nature of the
waste, pH, and tenmperature. Trickling filters are classified according to
their ability to handle hydraulic and organic | oads. Typical design criteria
for low and high rate filters are shown in Table 4-3. Use of plastic nedia
filters with |l ow bulk density has resulted in increased organic and hydraulic
| oadi ng rates over those achieved with rock nedia filters. Plastic nedia
filters have generally shown good perfornmance under high BOD | oadi ng condi -
tions that would not be tolerated by a conventional -type system because of
cl oggi ng probl ens.
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Table 4-3. Design Criteria for Trickling Filters
Desi gn Pl astic nedia Hi gh rate, rock Low rate, rock
Par anet er filter nmedi a nmedi a
Hydraulic | oading, 2.9-5.7 (700-1, 400) .94-3.7 0.1-.37
n¥/ day/ nt (secondary) (230-900) (25-90)
(gal / day/ft?) 9.4-18.9 (2, 3000-
4, 600) (roughing
filter)
Organi ¢ | oadi ng 10-50 (secondary) 20- 60 5-20
| b BOD/ day/ 100-500 (roughing
1, 000 ft filter)
Bed depth, ft 20- 30 3-6 5-10
Medi a type Pl astic 1- to 5-in. 1- to 5-in.
rock rock

(Source: EPA 1982).

(b) Recirculation is generally required to provide uniform hydraulic
| oading as well as to dilute high-strength waste waters. However, there is a
limt to the advantage achievable with recirculation. Generally, recircul a-
tion rates greater than four tinmes the influent rate do not increase treatnent
efficiency. Several recirculation patterns are avail able. One of the nost
popul ar is gravity return of the underflow fromthe final clarifier to a wet
wel | during periods of low flow and direct recirculation by punmping filter
di scharge back to the influent as shown in Figure 4-5.

(c) Several fornulas have been proposed which predict BOD renmoval effi-
ci ency based on waste type, influent BOD, hydraulic |oad, and other factors
related to performance. Problens with these nodels include the need to deter-
mne treatability on a case-by-case basis and the fact that the nodels are
usual |y applicable for only very specific conditions.

(d) The National Research Council (NRC) fornulation to predict BOD
renoval efficiency was the result of an extensive analysis of operationa
records fromstone-nmedia trickling filter plants at nilitary installations.
The NRC data anal ysis is based on the fact that the anpunt of contact between
the filter nedia and organic matter depends on the filter dimensions and the
nunber of passes, and that the greater the effective contact, the greater wll
be the efficiency. However, the greater the applied |load, the lower wll be
the efficiency. Therefore, the quantity that primarily determ nes efficiency
inatrickling filter is a conbination of effective contact and applied | oad.
The efficiency through the first or single stage (E) and through the second
stage (E,) can be predicted fromequations 4-2 and 4-3.
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" Wl (4-2)
1
1+ O'OOBS(VFJ
100
E,= I
L+ o.ooss[&)'z' (4-3)
1-E, \VF
wher e
E, = percent ROD renpoval efficiency through the first-stage filter and

settling tank

W = BOD loading (I b/day; 1 Ib/day = 0.45 Kg/day) to the first- or
second-stage filter, not including recycle

V = volume (acre-ft; 1 acre ft = 1,233.5 nf) of the particular filter
stage (surface area tines depth of nedia)

F = nunber of passes of the organic material, equal to
(1 + Rl +(1 - PRI]

where R/I equals the recirculation ratio (recirculated flow pl ant
influent flow), and P is a weighting factor which, for nilitary
trickling filter plants, was found to be approxinmately 0.9

E, = percent BOD renoval efficiency through the second-stage filter and
settling tank

W = BOD |loading (I b/day) to the second-stage filter, not including
recycl e

(Note: Enpirical equations, can only be used with English units - to use
with metric, nust convert to English before putting in Equation.)

(e) If recirculation is not being used, F will equal 1. It should be
renmenmbered that the NRC fornul ati on was based on mlitary waste water which is
characteristically nore concentrated than average donestic waste water. This
could make the NRC formul a nmore applicable to hazardous waste treatnent. The
ef fect of tenperature on performance was not considered since nost of the
plants studied were in the nmiddle |atitudes of the United States.

d. Rotating Biological Disks. A rotating biological disk (RBD) is a
fixed filmbiological nethod for treating effluent containing organi c waste,
simlar in operating principle to trickling filters. A series of disks (1.8
to 3.0 in (6 to 10 feet) in dianmeter), or druns in sone configurations, coated
with a microbial film rotate at 0.5-15 revol utions per mnute through troughs
containing the effluent; 40-50 percent of the disk surface area is imrersed in
the effluent while the uncovered portion of the di sk exposes the mcrobia
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filmto the atnosphere during each rotation. Supplenmental aeration is some-
times beneficial. The shearing notion of the disk through the effluent keeps
t he biol ogical floc from becom ng too dense. Periodic reversing of drum
rotation is often used to control biological gromh. The disks are usually
arranged in series in groups of four. A schematic of a RBD is shown in Figure
4-6.

810-SURF UNITS

PRIMARY TREATMENT SECONDARY CLARIFIER

» | (=
RAW (up » EFFLUENT
WASTE

Ll
$

SOLIOS DISPOSAL

Figure 4-6. Rotating Biological Disk Treatment Schematic

(1) Applications. Rotating biological disks are currently being used
at full scale to treat waste waters fromthe manufacture of herbicides, phar-
maceuti cal s, petroleum pulp and paper, and pignents and may have application
for ground-water or |eachate treatnment at hazardous waste sites. They also
have found use for donestic waste-water treatment. The process has only been
used in the United States since 1969. Its nodul ar construction, |ow hydraulic
head | oss, and adaptability to existing plants have resulted in grow ng use.
The process can be used for roughing, nitrification, or secondary treatnent.

(2) Advantages and di sadvantages. Avantages and di sadvant ages of
rotating biological disks as conpared to trickling filters and activated
sl udge are sumari zed bel ow.

Advant ages Di sadvant ages
Process has consi derably nore Vul nerable to climte changes if not
flexibility than trickling fil- cover ed
ters; both the intensity of
contact between bi omass and waste Hi gh organic | oads may result in
wat er and the aeration rate can be first-stage septicity and supple
easily controlled by the rota- nmental aeration may be required

tional speed of the disks

(Conti nued)
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Advant ages

Di sadvant ages

Waste-water retention tine can be
control |l ed by sel ecting appro-
priate tank size; thus higher
degrees of treatnment can be
obtained than with trickling
filters

In contrast to the trickling
filter, biological disks rarely
cl og since shearing forces con-
tinuously and uniformy strip
excess growth

As conpared with activated sl udge,
rotating biological disks can
handl e | arge fl ow vari ati ons
and hi gh organi c shock | oads

Modul ar construction provides
flexibility to nmeet increased
or decreased treatnment needs

Low O&M and energy requirenents
Requires small surface area when

conpared with ot her biologica
syst ens

Qdor may be a problemif septic
condi tions devel op

As with trickling filters, biomass
will be slowto recover if disrupted

Can handle only relatively | ow
strength wastes as conpared with
activated sl udge

(3) Data requirements. The data required for the design of rotating
bi ol ogi cal disks are generally the same as for trickling filter design

(4) Design criteria. For adequate treatment it is recommended that the
process include four stages (disks) per train and the use of at |least two
parallel trains. Based on the design criteria, rotating biological disks can
handl e organic loads simlar to a high-rate trickling filter. Typical design

criteria include:

(Without nitrification)

Organic Loading: 480-960 g BOD/m* (30-60 1b
BOD/1,000 ft3 media)

Hydraulic Loading: 3 x 107 to 6.1 x 107 m’/
day/m? (0.75 to 1.5 gal/

(With nitrification)

240-320 g BOD/m® (15-20 1b
BOD/1,000 ft® media

1.2 x 107 - 2.5 x 103 m?¥/
day/m? (0.3-0.6 gal/

day/£t?) day/ft?)
Detention Time: 40-90 min 90-230 min
e. Lagoon Treatnent. Lagoons or waste stabilization ponds are systens

in which the processes of mcrobia

oxi dation, photosynthesis, and sonetines
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anaer obi ¢ digestion conbine to break down hazardous organi ¢ conpounds. They
are simlar to activated sludge units wi thout sludge recycling. Aeration may
be supplied passively by wind and al gae or, in aerated | agoons, by nechanica
aerators or diffused air. The ecol ogy of |agoons closely resenbles a natura
eutrophic | ake, a nore conpl ex systemthan other biological treatnment systens.
A secondary benefit of |lagoons is clarification. Physical and chenical treat-
ment processes may al so be carried out in |agoons. Figure 4-7 shows a fl ow

di agram of an aerated | agoon, with a secondary clarifier. A separate
clarifier may not be required with other | agoon designs, e.g., facultative

| agoons, if the design includes a separate baffled settling conpartment, two
or nore |lagoons in series, or other special features.

NUTRIENT FEED

MECHANICAL AERATORS
{OPTIONAL)

=L JQUID EFFLUENT

SECONDARY CLARIFIERS (CONCRETE)

EXCESS SLUDGE
Figure 4-7. Aerated Lagoon (Polymeric-Lined Earth Construction)

(1) Applications. Wiste stabilization ponds have been used to treat
lowstrength industrial wastes, landfill |eachate, and as a polishing step for
certain waste types. This treatment nodule is enployed in food processing
i ndustries, paper and pulp mlls, textile mlls, refineries, and petrochenica
pl ant s.

(2) Advant ages/di sadvantages. The advantages and di sadvant ages of
stabilization ponds and aerated | agoons are as foll ows:

Advant ages Di sadvant ages
Operating costs are | ow conpared Tol erate | owstrength wastes only
wi th ot her biol ogical treatnent
nmet hods I nt ol erant of suspended solids and
netal s

Cost-effective treatnent for

pol i shing effl uent Require large | and areas
Waste stabilization ponds require Performance markedly affected
m ni mal energy by tenperature, and treatnment nethod

is not suitable for freezing
t emrper at ur es
(Conti nued)
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Advant ages Di sadvant ages

Systemhas limted flexibility

Vol atil e gases may be emitted from
processes

(3) Data requirements. The data requirenents are generally the sanme as
those for activated sludge systens. The nonbi odegradabl e fracti on and average
M_LVSS are not required; however, the sunmer and w nter anbient conditions wll
af fect performance.

(4) Design criteria.

(a) Each subtype of waste stabilization pond utilizes a different type
of bacteria but is of similar construction, with an earthen pit and earthen
side levees. Treatnent of |eachates requires that the pond be lined. The
desi gns of various waste stabilization ponds and anaerobic | agoons differ
significantly. Table 4-4 summarizes the major design criteria. The criteria
i ndicate that, in general, |lagoons can treat only | owstrength waste and
therefore will be best suited as a polishing step used in conjunction with
ot her treatnent methods.

(b) As Table 4-4 indicates, the aerobic |agoon requires the greatest
surface area to treat an equivalent waste | oad. Oxygen transfer depends on
the rati o of |agoon surface area to volune (length-to-width ratio should be
| ess than 3:1), tenperature, turbul ence, and bacterial oxygen uptake. The
system has the | east tolerance for high organic | oads but benefits froma
short detention time. Anaerobic stabilization ponds require significantly
| ess surface area and can handl e substantially higher organic | oads. Deep
| agoons benefit frombetter heat retention, and an effluent |ength-to-w dth
ratio of 2:1 is reconmrended.

(c) Sludge buildup is nuch | ess for the anaerobic pond than that for
t he aerobic; for every Kg (pound) of BOD destroyed by the anaerobic process,
about 0.1 Kg (pound) of solids is formed, as conpared to 0.5 Kg (pound) for
t he aerobic | agoon. The major disadvantage of the anaerobic |agoon is that it
produces strong odors unless the sulfate concentration is maintained bel ow 100
mlligrans per liter.

(d) The facultative | agoon benefits from having an aerobic |ayer that
oxi di zes hydrogen sulfide gas to elinnate odors. It can handl e BOD | oads
intermttently between the anaerobic and aerobic | agoon.

(e) Artificial aeration with nmechanical or diffused aerators allows for
deeper basins and hi gher organic | oads than those obtained in aerobic |agoons.
The basins are designed for partial mixing only, and anaerobic deconposition
occurs on the bottom Operating costs are significantly |l ess than those for
activated sludge, but the system cannot withstand the organic | oads tol erated
by activated sludge. |In general, the use of several |agoons in series is nore
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efficient than one | agoon since it can reduce short-circuiting and lead to
i ncreased organic removal efficiency.

4-6. Carbon Adsorption.

a. Process Descri ption.

(1) Activated carbon, granular or powdered, when contacted with water
containing organic material, will renove these conpounds selectively by a
conbi nati on of adsorption of the |ess polar nolecules, filtration of the
| arger particles, and partial deposition of colloidal material on the exterior
surface of the activated carbon. Adsorption results fromthe forces of
attraction between the surface of a particle and the soluble organic materials
that contact the particle. As a result of the activation process, activated
carbon has a |large surface area per unit weight, making it a very efficient
adsorptive material. It has |long been used to renpve taste and odor-causing
inmpurities frompublic water supplies. More recently, activated carbon
adsorption has been used in waste-water treatment as a tertiary process
foll owi ng conventional secondary treatnent or as one of several unit processes
conpri sing physical -chenmical treatment. Pesticides and other |ong-chain
organi cs have excellent adsorption characteristics on activated carbon

(2) The nost efficient and practical use of activated carbon in waste-
wat er treatnent has been in fixed beds of granular activated carbon. A typi-
cal adsorption system consists of several adsorption trains operated in paral -
lel. Each train contains two adsorbers arranged for series flow. The waste
water is applied to the adsorbers at a flowrate ranging from1.6 x 102 to
3.3 x 102 nf/min/nt (4 to 8 gallons per mnute per square foot). Contact tine
(enpty bed residence tine) ranges from 15 to 35 mi nutes dependi ng on the
desired effluent quality. Countercurrent flow systens allow systens to
approach activated carbon i sotherm capacity and are recomended.

(3) To minimze suspended solids collection which can clog the pores
and reduce adsorber capacity, the carbon adsorption system should be preceded
by media filtration. Provisions must be made to regul arly backwash the
adsorption systemto flush out accumul ated suspended solids and bi ol ogi ca
gromh. A good design practice is to allow for a bed expansion of up to 50
percent. Flow rates during backwash should range from®6.2 x 102 to 8.2 x
102 m¥/ min/n? (15 to 20 gallons per minute per square foot). Biologica
grom h can be controlled effectively by chlorination of the influent to the
adsorber or by chlorination during the backwash operati on.

(4) When the active sites on the carbon particles have been filled, the
effluent quality deteriorates and the carbon nmust be regenerated or replaced.
It is not economical to have onsite regeneration for systens requiring regen-
eration of |ess than about 91 kg (200 pounds) of carbon per day. For |arger
systens, a regeneration system should be provided. A typical regeneration
system includes: (a) hydraulic transport of the carbon to the regeneration
unit, (b) dewatering of spent carbon, (c) heating of carbon to oxidize or
volatilize the adsorbed inpurities, (d) water cooling of the carbon, (e) water
washi ng and hydraulic transport back to the adsorbers, and (f) scrubbing of
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furnace off-gasses. The nbst common type of furnace in use is the nultiple
heart h furnace.

(5) Input such as the m nimum contact time, optinmumflow rate, head
| oss at various flows, backwash rate, and required carbon dosage should be
obtained fromonsite pilot plant carbon colum tests. Were this is not
possi bl e, accepted design criteria should be used to generate the required
i nput data. Static isothermtests conducted in the |aboratory are not
sufficient.

b. Applications.

(1) The suitability of carbon adsorption for treatnment of waste water
associ ated with disposal sites depends upon the influent characteristics, the
extent of pretreatment, and the required effluent quality. The highest con-
centration of solute in the influent streamthat has been treated on a
conti nuous basis is 10,000 ng/¢ (10,000 ppm TOC), and a 1 percent solution is
currently considered as the upper limt.

(2) Concentrations of oil and grease in the influent should be linted
to 10 ng/¢ (10 ppn). Concentrations of suspended solids should be |ess than
50 ng/ 0 (50 ppn) in upflow systenms; downfl ow systens can handl e concentrations
as high as 2,000 ng/¢ (2,000 ppm, although frequent backwashi ng woul d be
requi red. Renopval of inorganics by carbon generally requires concentrations
of less than 1,000 ng/¢ (1,000 ppm) and preferably |less than 500 ng/¢ (500

ppm .

(3) The suitability of using activated carbon for renmpoval of a specific
sol ut e depends upon its nol ecular weight, structure, and solubility. Table 4-
5 summari zes the influence of nolecular structure and other properties of
organi cs on their adsorbability. Table 4-6 summarizes the potential for
renoval of inorganics by activated carbon

(4) As would be expected fromthe information in Table 4-5, activated
carbon has been proven effective in the renoval of a variety of chlorinated
hydr ocar bons, organi ¢ phosphorus, carbonates, PCBs, phenols, and benzenes.
Speci fic hazardous organics that are effectively renoved include aldrin, diel-
drin, endrin, DDD, DDE, DDT, toxaphene, and two aroclors. A granular acti-
vated carbon system was used as part of the treatment systemfor the
Bri dgeport, New Jersey, renedial action. Modbile carbon systens have al so been
used successfully for several years.

(5) Activated carbon treatnment has not been shown to be suitable for

treatment of municipal landfill |eachates fromyoung |andfills; carbon shows
poor adsorption capacity for fatty acids, which are preval ent in nunicipa
andfill leachate. Carbon adsorption is generally not effective for wastes

wi th high BOD) COD and COD/ TOC rati os.

C. Advant ages/ di sadvant ages. The advantages and di sadvant ages of
carbon absorption are sumari zed bel ow.
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Table 4-5., Effects of Molecular Structures and Other Factors on
Adsorption by Activated Carbon

1. Aromatic compounds are generally more adsorbable than aliphatic compounds
of similar molecular size.

2. Branched chains are usually more adsorbable than straight chains.
3. Substituent groups affect adsorbability:

Substituent group Nature of influence

Hydroxyl Generally reduces adsorbability; extent of decrease
depends on structure of host molecule

Amino Effect similar to that of hydroxyl but somewhat
greater. Many amino acids are not adsorbed to any
appreciable extent

Carbonyl Effect varies according to host molecule; glyoxylic
and more adsorbable than acetic but similar
increase does not occur when introduced into
higher fatty acids

Double bonds Variable effect

Halogens Variable effect

Sulfonic Usually decreases adsorbability
Nitro Often increases adsorbability

4. An increasing solubility of the solute in the liquid carrier decreases its
adsorbability.

5. Generally, strongly ionized solutes are not as adsorbable as weakly
jonized ones; i.e., undissociated molecules are, in general, preferentially
adsorbed.

6. The amount of hydrolytic adsorption depends on the ability of the
hydrolysis to form an adsorbable acid or base.

7. Unless the screening action of the carbon pores intervenes, large
molecules are more sorbable than small molecules of similar chemical nature.
This is attributed to more solute carbon chemical bonds being formed, making
desorption more difficult.
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Table 4-6. Potential for Removal of Inorganic Material
by Activated Carbon

Constituents

Metals of high sorption potential
Antimony

Arsenic
Bismuth
Chromium
Tin

Metals of good sorption potential
Silver

Mercury
Cobalt
Zirconium

Elements of fair-to-good sorption
potential

Lead

Nickel

Titanium

Vanadium

Iron

Elements of low or unknown
sorption potential

Copper

Cadmium

Zinc

Beryllium

Barium

Selenium

Molybdenum

Manganese
Tungsten

Miscellaneous inorganic water
constituents
Phosphorus
P, free element

PO}~ phosphate

Potential for
removal by carbon

Highly sorbable in some solutions
Good in higher oxidation states
Very good

Good, easily reduced

Proven very high

Reduced on carbon surface
CH;HgCl sorbs easily,
metals filter out
Trace quantities readily sorbed,
possibly as complex ions
Good at low pH

Good

Fair

Good

Variable

Fe3* good, Fe?' poor, but may
oxidize

Slight, possibly good if complexed

Slight

Slight

Unknown

Very low

Slight

Slight at pH 6-8, good as complex
ion

Not likely, except as MnO

Slight

Not likely to exist in reduced
form in water

Not sorbed but carbon may induce
precipitation Cay;(P0O,),

(Continued)

4-29
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Table 4-6.

Constituents

Free halogens
F, fluorine
Cl, chlorine
Br, bromine
I, iodine

Halides
F~ Fluoride
Cl™, Br™, I°

(Continued)

Potential for
removal by carbon

Will not exist in water
Sorbed well and reduced
Sorbed strongly and reduced
Sorbed very strongly, stable

May sorb under special conditions
Not appreciably sorbed

Advantages

High flexibility in operation and
design

Suitable for treatment of a wide
range of organics that do not
respond to bioclogical treatment

Has high adsorption potential for
some highly hazardous inorganics
(e.g., Cr, Cn)

Tolerant of some fluctuations
in concentrations and flow

Disadvantages

Intolerant of high suspended solids
levels

Carbon can be "poisoned" by high
heavy metals concentrations which
will affect organic adsorption

Requires pretreatment for oil and
grease removal where concentrations
are greater than 10 mg/f (10 ppm)

Not suitable for removal of low
molecular weight organics, highly

soluble or highly ionized organics

Limited to wastes with less than
10,000 mg/2 (10,000 ppm) organics

0O&M costs are high

d. Data requirenents. Data requirenents are as follows:

(1) The waste stream average daily fl ow

(2) The waste stream contani nant concentrations.

(3) Carbon physical properties (bulk density) and the anmount | ost
during one regeneration cycle (if regeneration is included in design).

(4) Hydraulic loading rate (usually 8.2 x 10®* to 3.3 x 102 n¥/mn/nt (2
to 8 gallons per minute per square foot)).
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(5) Organic renoval rate, adsorption efficiency, and adsorption rate
const ant .

(6) The backwash hydraulic |oading (if backwashing is included in
design) .

e. Design criteria.

(1) Critical design criteria are organic |oad, hydraulic | oad,
contacting nmethod, contact tinme, and regeneration requirements. The
approxi mate carbon requirements for a specific organic |oad, and the residua
organi c |l evels can be roughly estimated from adsorpti on renoval Kkinetics
conducted on a batch basis. An isothermcan be used as a functiona
expression for variation of adsorption with concentration of adsorbate in bul k
solution. The Freundlich isothermis expressed in ternms of renmpval of
i mpurity (i.e., BOD, COD, or color).

X - goim (4-4)
M
wher e
X = inmpurity adsorbed
M = wei ght of carbon
C = equilibriumconcentration of inmpurity
K,n = constant (Culp et al. 1978)
(2) Isotherms are a useful approxinmation of treatability, but

generally give a falsely high estimte of continuous carbon performance. A
continuous-flow pil ot carbon treatnment systemis generally a prerequisite of
desi gn except on an energency basis.

(3) There are four basic ways that waste streans can be contacted, and
the choi ce of the appropriate nethod depends upon influent characteristics,
effluent criteria, flow rate, and econonics. Table 4-7 sunmarizes these
avai | abl e met hods, and Figure 4-8 illustrates them Figure 4-9 illustrates a
process flow diagramw th upfl ow carbon contactors and regeneration. Typica
operating paraneters for carbon adsorption systens are summarized in Tabl e
4-8. The paraneters are based on system operations for physical/chem cal and
tertiary treatnment systens.

(4) The decision to regenerate and reuse granul ar carbon or to use it
on a once-through basis is made primarily on economics. Toxicity of the
absorbed chem cals can al so affect this decision; however, for plants requir-
ing less than 91 kg (200 pounds) per day of carbon (less than approxi mately
3032 nt/day (0.8 million gallons per day)), regeneration is probably not
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Table 4-7. Summary of Activated Carbon Contacting Methods

Met hod

Downf | ow adsorbers in paralle

Downf | ow adsorbers in series

Movi ng bed

Upf | ow expanded series

Comrent s

For high vol une applications
Can handl e hi gher than average sus-
pended solids (65-70 ng/(
(~65-70 ppm)
Rel atively | ow capital costs
Ef fl uents from several colums
bl ended, therefore |less suitable
where effluent linitations are | ow
8.2 x 1034.1 x 102 n¥ m n/ n¥
(2-10 gpm ft?) flowrate

Large vol ume systens

Count ercurrent carbon use

Ef fl uent concentrations relatively
| ow

Can handl e hi gher than average sus-
pended solids (65-70 ng/(
(~65-70 ppm)) if downfl ow

Capital costs higher than for
paral | el systens

8.2 x 103%-4.1 x 102 n¥ mi n/ nt
(2-10 gpm ft?)

Countercurrent carbon use (nost
efficient use of carbon)

Suspended solids nust be | ow
(10 mg/ ¢ (<10 ppm)

Capital and operating costs rel a-
tively high

Can use such beds in parallel or
series

4.1 x 1032.9 x 102 nf/ m n/ nt
(1-7 gpm ft2) flowrate

Countercurrent carbon use (if in
series)

Can handl e hi gh suspended solids
(they are allowed to pass through)

High flows in bed (6.2 x 102 n¥#
mn/in2—-5 gpmft?))

M ni mum pr et r eat ment

M ni mum headl oss
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DOWNFLOW IN PARALLEL DOWNFLOW IN SERIES
N
t 3
our
MOVING BED UPFLOW-EXPANDED IN SERIES
our
e e
IN-.Ei:
Figure 4-8. Most Common Configuration of Activated Carbon
Adsorber Systems
MAKEUF CARBON _ —e REGENERATEO CARBON
EI:V FEED -— SPENT CARBON
>y SCREW DEWATERING
g —-— % TANK
QC
MAKEUP CARBON ﬂ S 1
WASH TANK & ; — REGENERATED
g § lé; CARBON
WASH TANK
MAKEUP CARBON g g LNy f (! i
SO INFLUENT ¥ CARBON
' -~ REGENERATION
FURNACE
WASTE " REGENERATED
WASH CARBON SLURRY QUENCH TANK
WATER PUMPS

Figure 4-9. Process Flow Diagram with Upflow Carbon Contactors
and Regeneration
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Table 4-8. Operating Paranmeters for Carbon Adsorption
Par anet er Requi rement s
Contact tine Generally 10-50 min; may be as high as
2 hr for sone industrial wastes
Hydraulic | oad 8.2 x 103-6.2 x 102 n¥ m n/n¥
(2-15 gpm ft?) depending on type
of contact system see Table 4-7
Backwash rate Rates of 8.2 x 103%4.1 x 102 n¥#
m n/ n¥ 920-30 gpm ft?) wusually
produce 25-50 percent bed expansion
Carbon | oss during 4-9 percent
regeneration 2-10 percent
Wei ght of COD 0.2-0.8
renoved per wei ght
of carbon

Car bon requirenments

PCT pl ant 60- 216 ng/ ¢ (500-1, 800 | b/10° gal)
Tertiary plant 24-60 ng/ ¢ (200-500 | b/ 10° gal)
Bed depth 3-9.1 m (10-30 ft)
econom cal. Most | eachate and ground-water treatnent facilities will fal

within this range. Use of electric furnaces, rather than nultiple-hearth
furnaces, may nake it possible to regenerate activated carbon economically for
plants using | ess than 200 pounds per day. Regeneration needs can be deter-
m ned on the basis of COD adsorbed per pound of carbon or required carbon
dosage in ternms of total flow

4-7. Cheni cal Oxidation.

a. Process Description.

(1) Oxidation reactions are anong the nost inportant chem cal reactions
with which the engi neer deals. They are involved in a wi de range of | abor-
atory anal yses as well as water and waste-water treatment. No oxidation reac-
tion occurs wthout a concomtant reduction reaction and vice versa.

(2) Chenmical oxidation is a process in which the oxidation state of a
substance is increased. Conversely, chem cal reduction is a process in which
the oxidation state is reduced.

(3) Even though redox reactions are applicable to nmetals and nonnetal s,
organi cs and i norganics, the discussion here will be directed largely to

4- 34
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organi cs and nonnetals. Applications of oxidation are at present |argely
limted to potable water treatnment, specialized industrial water and waste-
water treatnent, and high-level tertiary waste treatnent.

(4) Due to the costs involved, oxidation reactions are usually carried
out only for pretreatnment or post-treatment. For pretreatnment, the objective
is usually to remove specific compounds or groups, cleave organic nol ecul e
chai ns, and/or detoxify such as to make the waste suitable for biologica
treatment. Post-treatnent operations are usually carried out to renove resid-
ual BOD to nmeet stringent effluent requirenents.

(5) Oxidizers nost often used in waste-water treatnent include the
fol |l owi ng:

(a) Oxygen or air (21 percent oxygen).
(b) Ozone.

(c) Chlorine and hypochlorites.

(d) Chlorine dioxide.

(e) Hydrogen peroxide.

(f) Potassium permanganat e.

(6) Oxygen-nol ecul ar oxygen is a weak oxidizing agent when conpared to
others nentioned. It is nentioned here primarily due to its attractive cost.
The use of nolecular oxygen may be limted to the oxidations of certain netals
such as iron and nmanganese. However, it is sonmetinmes reported to renmove BOD
by cheni cal oxidation. These reductions are probably the result of a strip-
pi ng action as opposed to actual oxidation. Air sparging would be expected to
renove vol atil e gases such as carbon di oxi de, hydrogen sul fide, nethane, and
certain other |ow boiling organic conpounds.

(7) Ozone is a powerful oxidizing agent, as illustrated by the foll ow
i ng redox potentials:

O + 2H + 2e° -> O,+H,0 E, = 2.07v
1/2 d, + e -> a- E,=|.36v

It is sufficiently strong to break many carbon-carbon bonds and even to cl eave
aromatic ring systems, e.g., conversion of phenol to three nolecules of oxalic
acid. Conplete oxidation of some organic species to CO and HO can be
expected if ozone dosage is sufficiently high. However, sone materials show
al nost conplete resistance to ozone attack. A Refractory Index (RFl) has been
defined so as to provide pertinent information on the relative reactivity of
ozone with a variety of materials. The RFlI is defined as the pounds of ozone
per pound of contam nant that would be required to bring about 50 percent
conversion of oxidation in one hour. RFlI values for a cross-section of
conpounds are shown in Table 4-9. Several conmpounds are resistant to ozone,
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Table 4-9. Resistance of Selected Species to Ozone Oxi dation

Conpound 0.t _WI02
KCN 0.41 -
Col or (units) 0. 66 -
Conpl exed Cd- cyani de 0. 96 -
Phenol 4.4 -
Ammoni um i on 8 -
d ycine 19.7 6.0
Amoni um pal mitate 27.3 7.2
G ycerol 112 7.4
Et hanol 245 41.0
Conpl exed ferricyani de 270 8.6
Acetic acid 1, 000 47.0

!Pounds of ozone per pound of contam nant required for 50 percent conversion
2Pounds of ozone per pound of contam nant with addition of ultraviolet |ight
required for 50 percent conversion.

acetic acid for exanple. Carboxylic acids, in general, are resistant to chem
ical oxidation. Typical treatment efficiencies are listed in Table 4-10.

(a) Typically, oxidation reactions will not be carried out to conple-
tion due to physical restraints on the ozone-contam nant system and due to
econom cs involved. Since only partial oxidations will occur, it is inportant

to know the types of end products remmining. Sone expam es are given in Table
4-11.

(b) Ozone is not stable in either the gaseous formor in solution
Deconposition in the gas phase generally increases with tenperature and is
catal yzed by solid alkalies, netals, nmetal oxides, carbon, and npisture.

(c) Many redox reactions are pH dependent. However, ozone is an
exception and is relatively insensitive to pH  One exception is that of
converting cyanide to carbon dioxide. This reaction requires a pH of about 9
bef ore ozonati on.

(d) Utraviolet Iight has been shown to provide a powerful synergistic
action with ozone. The result of this phenonmenon is also shown in Table 4-9.
Conpounds that showed essentially no reactivity with ozone showed at | east
partial degradation with the addition of ultraviolet light. Utraviolet Iight
can al so generate ozone from oxygen in the air
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Table 4-11. Products of Ozonation of Various Conpounds
Species Ozonation product Comments

Chromium (III)
Cr+3

Cyanide
CN™ (free)

Ferrocyanide
Fe(CN)g*

Ammonia
NH,
Dimethyl sulfide

CH;3SCH3
Amine
(CH;CH,CH,CH;) 3N
Alcohol
CH,O0H

Aldehyde
CH,0

Carboxylic acid
CH3GO0H
Phenol
CgHs OH

Alkene

Chromium (VI)
Cr03

Cyanate
CNO™

Ferricyanide
Fe (CN)g3

Nitrate
NO,;~
Dimethyl sulfoxide

0
CH3SCH,

Amine oxide
(CH;CH,CH,CH,) 3;NO
Aldehyde

CH,0

Carboxylic acid
HCOOH

No reaction
Oxalic acid

COOH

I
COOH

Aldehydes, ketones,
carboxylic acids

R,C = O RCOOH
RHC = O

Cyanate can be further
degraded to CO,

Used in regeneration of
photo bleach

Fairly slow

Reduces or eliminates
odor problems

Evidence for stepwise
oxidation is clear

By way of quinone and
intermediate, unsatu-
rated acids
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(8) Hydrogen peroxide.

(a) Hydrogen peroxide is a noderate strength chemnical oxi dant conpared
to chlorine. It does not produce chlorinated oxidation products species,
however, and nay be preferable to chlorine in many instances. Its |ower
oxi di zing potential can result in selective reactions to oxidize a specific
pol lutant (e.g., HS) wi thout oxidizing a wide spectrum of other organic and
i norgani ¢ compounds al so present in the mixture. Consunption of hydrogen

peroxi de can be significantly |less than many ot her common oxidants. |In dilute
solution (<30 percent), the deconposition of hydrogen peroxide is accel erated
by the presence of nmetal ion contami nants. Industrial strength hydrogen

peroxi de (>30 percent) can catalyze these contanmi nants in violent
deconposi ti on.

(b) Hydrogen peroxide can oxidi ze many chenicals present in contam -
nated ground water and | eachates. Exanples of these chenicals are: hydrogen
sul fi de and mercaptans, phenol in liquid or gas, ferrous iron, photo waste-
silver, thiosulfate, cyanide, and hypochlorite (chlorine residual). Mercap-
tans and sul fides are usually the cause of odor conplaints, may be toxic, and
can result in corrosion of metals and concrete. Hydrogen peroxi de can det ox-
i fy specific conpounds by organic ring cleavage, stripping substituent groups,
or oxidizing specific itens such as sulfur. Treatnment nmay al so i nprove the
bi odegradability of wastes.

(c) A sunmary of the primary oxidants used in waste-water treatnent
and their identified applications is presented in Table 4-12.

b. Advant ages/Di sadvant ages. Advantages and di sadvant ages of cheni ca
oxi dation are shown bel ow

Advant ages Di sadvant ages
Ef fective on dilute waste Hi gher treatment costs than conparable
st reans bi ol ogi cal treatnent systens
Can be used to detoxify and Sone organics are resistant to nost
i mprove bi odegradability and oxi dant s

adsorption characteristics
I norgani cs such as chloride wll
interfere with the oxidation reaction

Partial oxidation nay generate toxic
conpounds

c. Data Requirements. Data requirements for the chem cal oxidation
process wi |l depend upon the objective of the treatment and the oxidation
potential and reactivity of the waste. |n general, the necessary data can
only be determi ned by bench or pilot scale testing. Typical data needs are
i sted bel ow
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Tabl e 4-12.

Waste Treatnent Applications for Sel ected

Oxi dant s

Oxi dant

Oxygen or air

Ozone

Chl ori ne and
hypochl orites

Chl ori de di oxi de

Hydr ogen peroxi de

Wast e

Sul fites (SGJ)

Sul fides (&)

Ferrous iron (Fe*)
very sl ow

Manganese ( Mh*")

Car bon di oxi de (CQO)

Met hane (CH,)

Cyani des (CN)
Col or
OH
Pheno
Ammoni a ( NH,)
fairly slow
Chrom um ( Cr *%)
Anmi nes
Al cohol s
Al dehydes
Al kenes

Sul fides (S)

Mer capt ans
Cyani de (CN)

Lead (Pb)

Nitrite (NG
Manganese ( M*")
Ferrous iron (Fe*)

Cyani de (CN)

Di quat pestici des
Par aquat

Sul fide (S

Al dehydes

Am nes (tertiary)
Mer capt ans

Pheno

Pheno

Cyani de

Sul fi des

Sul fites

Lead

Ferrous iron
Sul f at es

Hypochl orite

Mer capt ans
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(1) Effectiveness of various oxidants for the specific waste to be
oxi di zed.

(2) Reaction tinme required and dosage of oxidant necessary to produce
adequat e destruction.

(3) Optinum pH

(4) Interfering species in the waste.

(5) Pretreatment requirenents.

(6) Resulting product toxicity.

(7) Requirement for catal ysts.

(8) Light absorption characteristics in ultraviolet (UV) area

d. Design Criteria.

(1) The UV-ozone chem cal oxidation system shows prom se for hazardous
waste treatnent due to its high reaction potential. UV-ozone will oxidize
nost organics, cleave carbon-carbon bonds, oxidize substituent groups, and
open aromatic rings.

(2) There are several critical characteristics associated with the use
of UV light. Short-wavelength UV light is required to provide sufficient
energy to properly excite the nolecule to be oxidized. Al nost any nedi um
t hrough which the light passes will attenuate the light energy. The [anp and
sl eeves must be constructed froma special quartz to transmt the short wave-
| engths. The depth of the fluid being treated should be mninized. |n order
for the nolecule to be excited and oxidized, it nust be capabl e of absorbing
light in the UV band.

(3) The surface of the quartz sleeves in contact with process fluid
tends to becone foul ed. Sone manufacturers provide a traveling rake to
continuously cl ean these surfaces.

(4) Areaction tinme of 30 minutes to 1 hour is usually sufficient for
nost designs but this nmust be confirned through pilot plant testing. Agita-
tion increases effectiveness and shoul d be provided where feasible.

(5) The dose of ozone or other chenical oxidant can be estimted by
t heoretical calculations sufficient for planning-level calculations. A 10 to
20 percent excess is recomrended. Calcul ations nmust address all of the
oxi di zabl e materials in the waste.
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4-8. Resin Adsorption.

a. Process Description.

(1) Resin adsorption is a process for the renmoval of organic chenicals
fromliquid waste streans. It is somewhat simlar to adsorption on activated
carbon. Perhaps the nost significant difference between the two is that
resins are always chenically regenerated through the use of caustic, steam or
organi ¢ solvents while carbon nust be thermally regenerated because of the
strong adsorptive forces. Synthetic resins generally have a | ower adsorption
capacity, a higher initial cost, and a | onger operating life.

(2) Resin adsorption should be given serious consideration:

(a) For the treatnment of col ored wastes; ROD and COD may be high
(b) When material recovery is practical

(c) \Where selective adsorption is desired.

(d) \Where |low | eakage rates are required.

(e) \Where carbon regeneration is not practical

(f) \Where there are high levels of dissolved inorganic solids.

(3) Process flow sheets vary depending on the nature of the solute and
t he regenerant used. Organic solvents such as acetone, nethanol, and isopro-
panol have been used for regeneration purposes. The solvent overcones the
adsorbent resin*s attractive forces which allows the adsorbed organic to dif-
fuse into the sol vent phase. A systemused for the recovery of phenol using
acetone as a regenerant is shown in Figure 4-10.

(4) Inorganic solvent systens used for regeneration purposes include
steam aqueous caustic solutions for renoving adsorbed weak aci ds, and aqueous
acids for renoving adsorbed weak bases. A systemused for the recovery of
chl ori nated hydrocarbon using steam as a regenerant is shown in Figure 4-11

(5 Resin lifetinmes may vary considerably depending on the nature of
the feed and regenerant streams. Regeneration with caustic is estimated to
cause a loss of 0.1 to 1 percent of the resin per cycle; replacenent of resins
at such installations my be necessary every 2 to 5 years. Regeneration with
hot water, steam or organic solvent should not affect the resins, and, in
this case, lifetines will be linmted by slow fouling or oxidation resulting in
a |l oss of capacity; actual experience indicates that lifetines of nore than 5
years are obtainable.

(6) Synthetic resins are available comrercially fromthree manufac-
turers. A summary of the properties of some available resins is shown in
Table 4-13. One of the nore inportant physical properties is that of pore
size. This factor may all ow sel ective adsorpti on based upon nol ecul ar si ze.
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Figure 4-10. Phenol Recovery System Using Acetone Regenerant
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TREATED
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RESIN ADSORPTION
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WASTE
WATER
RECYCLE 1 SEPARATOR

CHLORINATED
HYDROCARBONS

Figure 4-11. Chlorinated Hydrocarbon Recovery System Using
Steam Regenerant
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b. Applications.

(1) Polyneric adsorbent resins can be selected for specific applica-
tions. The surface area and pore structure can be controlled over a w de
range of values. These factors are nost inportant when the selective renoval
of a particular contam nant, perhaps hazardous, is desired. Also, when
coupled with the weak attractive forces between solute nol ecul es and resin
product recovery may become a practical consideration. Even though overal
capacities of synthetic resins may be | ess, capacity for a specific pollutant
may be greater. This has been denonstrated for a nunber of pesticides.

(2) Polyneric adsorbents have been used to renpve and recover a
variety of toxic organic chemcals. These are as foll ows:

I Chlorinated pesticides.

1 Phenol s.

I  Aliphatic chlorinated hydrocarbons.

I Aromatics (benzene, toluene, and xyl ene).

(3) Oher reported uses include renpval in dyestuff, renoval of fat
from nmeat packi ng operations, recovery of antibiotics, and renoval of organics

from brine.

c. Advant ages/Di sadvantages. Advantages and di sadvantages of resin
absorption are summari zed bel ow

Advant ages Di sadvant ages

Resi n can be desi gned for Resin costs are higher than carbon
sel ective adsorption
Resi n cannot tolerate strong
Leakage rates are nuch | ower oxi di zi ng agents
than for carbon
Usual | y have smaller system
Regeneration is acconplished capacity than carbon
in situ with solvents
Pretreatment such as filtering is
Resin can tolerate high |levels of ten necessary
of inorganic solvents
Vol ume of sul vent needed for
Resi n can operate over a wide backwash may be significant
pH range

d. Data Requirenents

(1) Data requirenents for resin adsorption will be rmuch the sane as
those for carbon adsorption. Data concerning the resin itself are available
fromthe manufacturers.
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(2) As with carbon, isothernms nust be available for the particular
wast e or contam nant under consideration. Fromisotherm data, capacity of the
resin can be cal cul ated. These data provide an estinate of the |level of
treatability that can be expected.

(3) Due to the fact that resin adsorption is relatively new and does
not presently enjoy wi de applications, pilot scale colum studies are also
recommended. These studies are used to confirm batch studi es and provide
i nformati on on optimum col umm hei ght, flow rates, |oadings, and potentia
operational problens.

(4) Unlike carbon adsorption, data nust be generated to deternine the
regeneration of the resin and the ultinmte disposal of solute renoved. Regen-
eration can be acconplished using a variety of materials including caustic,
hot water, steam and organic solvents. |[|f organic solvents are used, a dis-
tillation step is typically included.

e. Design Criteria. As aresult of linited applications, design crite-
ria for resin adsorption are not well defined. However, some suggestions are
gi ven bel ow

(1) Columm shoul d be operated in the downfl ow node.

(2) Suspended solids in the influent should be naintained | ess than 10
mlligrans per liter. (A sand filter may be required to pretreat the
i nfluent.)

(3) pH may be varied between 2 and 11 dependi ng upon adsorption
characteristics.

(4) COperating tenperature nmay be as high as 80°C but will reduce
capacity of resin.

(5) High total disolved solids (TDS) in the influent do not detract
from normal operations.

(6) Influent concentration of organics (G) should be limted as
fol | ows:

capacity of resin
Co < 0.1 ——Fea~oTume

(7) Strong oxidants will attack the resin and rmust be renoved.

(8) A mninmumof two colums in parallel should be used; i.e., one on
I ine and one regenerating.

(9) Flowrates through the bed should be 3.3 x 102 to 0.27 n# mi n/n?
(0.25 to 2 gallons per mnute per cubic foot) of resin or 2 to 16 bed vol unes
per hour.
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(10) Contact times are on the order of 3 to 30 m nutes.

4-9. Cheni cal Reducti on.

a. Process Description.

(1) Chemical reduction is of interest because heavy netals in solution
can often be reduced to their elenental formfor potential recycling or can be
converted to |l ess toxic oxidation states. One such nmetal is chromum (Cr),

whi ch, when present as chromum (VI), is a very toxic material. In the
reduced state, chromium (I11), the hazards are | essened and in this form can
be precipitated for renoval. At present, chenical reduction is applied

primarily to the control of hexavalent chromumin the plating and tanning
i ndustries and to the renmoval of mercury fromcaustic/chlorine electrolysis
cell effluents.

(2) Reduction-oxidation, or redox, reactions are those in which the
oxi dation state of at |east one reactant is raised while that of another is
| owered. In the reaction

2H,Cr O, + 3S0, -> Cr,(SO) . + 2H,0

t he oxidation state of Cr changes from6* to 3* (Cr is reduced); the oxidation
state of sulfur (S) increases from2* to 3* (S is oxidized). This change of
oxi dation state inplies that an electron was transferred fromS to Cr(Vl).

The decrease in the positive valence (or increase in the negative val ence)
with reduction takes place sinultaneously with oxidation in chenically equiva-
lent ratios. Reduction is used to treat wastes in such a way that the reduc-
ing agent |lowers the oxidation state of a substance in order to reduce its
toxicity, reduce its solubility, or transformit into a formthat can be nore
easi |y handl ed.

(3) The base netals are good reducing agents. Iron, alumnum zinc,
and sodi um conmpounds are often used for the reduction treatnents. In addi-
tion, sulfur conmpounds are al so some of the nore conmon reduci ng agents.

(4) Table 4-14 lists the nore common reduction reactions for chrom um
(M) treatnent and their reaction products.

(5) The first step of the chenical reduction process is usually the
adj ustrment of the pH of the solution to be treated. Wth sul fur dioxide
treatment of chromium (VI), for instance, the reaction requires a pHin the
range of 2 to 3. The pH adjustnent is done with the appropriate acid
(sulfuric, for exanple). This is followed by the addition of the reducing
agent. Mxing is provided to inprove contact between the reduci ng agent and
the waste. The agent can be in the formof a gas (sulfur dioxide) or as a
sol ution (sodi um borohydri de) or perhaps as a finely divided powder if there
is adequate m xing. Reaction tinmes vary for different wastes, reducing
agents, tenperatures, pH, and concentration. For conmercial -scal e operations
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Tabl e 4-14. Conventional Chrone Reduction Reactions

(1) Cr*® to Cr*® using sul fur dioxide

4SO, + 4H,O -> H,S0, + 2Cr G + 3H,S0, -> Cr,(SO), + 3H.0
sul fur wat er sul furous chrom c sul furous chrom c
di oxi de acid aci d aci d sul fate

(2) Cr® to Cr*® using bisulfites

4Cr0, + BNaHSO, + 3H,SO, -> 20,(S0), + 3Na,SO, + 6H0

chrom c sodi um sul furic chrom c sodi um
aci d bisulfite aci d sul fate sul fate

(3) Cr*® to Cr*® using ferrous sulfate

2Cr0, + 6FeSO, + 6HSO, -> 3Fey(S0)s + Or,(S0), + 6HO

chrom c f errous sul furic ferric chrom c
aci d sul fate aci d sul fate sul fate

for treating chrom umwastes, reaction tinmes are on the order of minutes.
Additional tine is usually allowed to ensure conplete mixing and reduction
Once reacted, the reduced solution is then generally subjected to some form of
treatment to settle or precipitate the reduced material. A treatnment for the
renoval of what renmains of the reducing agent may be included. This can be
unused reduci ng agent or the reducing agent in its oxidized state. Unused

al kali netal hydrides are deconposed by the addition of a small quantity of
acid. The pH of the reaction nediumis typically increased so that the
reduced material will precipitate out of solution. Filters or clarifiers are
often used to inprove separation

b. Applications.

(1) The principal application of reduction has been chrom um treatnment
and renmoval. Reduction reactions are typically pH dependent and will-* likely
requi re pH adj ustnment.

(2) A second application of reduction is the renoval of residuals of
oxi dants such as ozone, chlorine, chlorine dioxide, hydrogen peroxide, etc.
Al so, any off-gases from ozone generation and application require reduction
bef ore di scharge to the atnosphere.

(3) Some specialized reduction reactions use hydrogen gas.

c. Advant ages/Di sadvant ages. Advant ages/ di sadvantages of reduction
reacti ons are summari zed bel ow
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Advant ages Di sadvant ages
Reducti on can reduce the Reduction reactions usually require
toxicity of sone materi al pH adj ust ment as pretreat ment
Reducti on can provide favorable Can cause the precipitation of sone
conditions for precipitation net al s

of sonme netals

d. Data Requirenents. Typical data requirenents are |isted bel ow

(1) Influent and peak flow rates.

(2) Variability of influent volumes and concentrations.

(3) pHconditions favorable to reduction reaction.

(4) Concentrations of chem cal species that require reduction.

(5) Effectivness of the reducing agent to effect the desired reaction.
(6) Presence of interfering or conpeting chemicals in the waste.

e. Design Criteria.

(1) If wide fluctuations in flow and concentration are expected,
equal i zati on shoul d precede this step.

(2) pH adjustnent should be used as a pretreatment step to bring the
solution to the desired pH.

(3) A stirred tank should be used to carry out the reduction. A chem
ical feed systemis required to continuously charge the reduci ng agent. An
oxi dation reduction potential (ORP) control systemmy be used to control the
quantity of reduci ng agent added.

(4) Detention tinme to acconplish chem cal reduction will vary from 15
to 45 mnutes and will be dictated by the particular reaction invol ved.
Chrom um reduction will require approximately 30 ninutes but depends upon the

pH and reduci ng agent used.

4-10. Precipitation.

a. Process Description.

(1) Precipitation is a widely used (in industrial practice),
relatively | ow cost physical chenical technique in which the chem cal
equi libriumof a waste is changed to reduce the solubility of the undesired
conponents. These conponents precipitate out of solution as a solid phase,
often in the formof small, colloidal particles, and are renoved by one of
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several possible solids renmoval techniques. Precipitation is nost conmonly
used to treat heavy-nmetal -containi ng wastes.

(2) Precipitation can be induced by one of the foll owi ng neans:

(a) Adding a chenmical that will react with the hazardous constituent
in solution to forma sparingly sol ubl e conpound.

(b) Adding a chenmical to cause a shift in solubility equilibrium
reducing the solubility of the hazardous substance.

(c) Changing the tenperature of a saturated or nearly saturated sol u-
tion in the direction of decreased solubility.

(3) Chemical additives are nost conmonly used. Typical reagents are:
(a) Sodi um hydroxi de, sodi um sul fide.

(b) Hydrated lime (Ca(OH),).

(c) Iron salts such as iron sulfide, ferric sulfate.

(d) Phosphate salts (especially for heavy netals such as As, Cd, Cr,
Zn, Cu, Pb, Hg, Ni).

(e) Al um (Al ,(SO,)s).

(4) The theoretical renoval linmt for many netal species is very |ow,
particularly with sulfide precipitants. Figure 4-12 shows theoretical curves
as a function of waste pH  Sone organic species, for exanple, aromatic com
pounds and pht hal ates, can also be treated. Renpval in practice often is one
to two orders of magnitude |ess than the theoretical limt. Conplexing
agents, such as cyanide or ethyl enediam ne tetra-acetic acid (EDTA), may com
pete with the precipitant and hold the species in solution.

(5) Conventional precipitation processes are performed in the
followi ng three steps:

(a) Rapid mxing of precipitating chenicals and waste water.

(b) Slow mixing of treated waste water in a flocculation tank to allow
settleable flocs to form

(c) Sedinentation of solids in a clarification tank.
(6) The solids are renoved by either:

(a) Sedinentation, which separates the phases by the gravitational
settling of the precipitate to the bottom of the sedinentation tank.
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(b) Filtration, which separates the phases by passing the
precipitation effluent through a granular or cloth barrier, retaining the
particles and allowi ng the clear effluent to pass through

(c) Centrifugation, which separates the two phases in an encl osed
vessel using centrifugal force to cause the solids to mgrate through the
['iquid.

b. Applications.

(1) Precipitation is a process that finds its primary application in
the area of nmetals renmoval. However, it may al so be used to precipitate |ong
chain or high nolecular weight organic materials.

(2) Typically, nmetals are precipitated as the hydroxide and renoved by
sedi nentation. Renovals are linmited by the physics of the system Solubili-
ties of metal sulfides and netal xanthates are much | ower than the hydroxide
and consequently may be used in situations where very |ow concentrations are
required.

c. Advant ages/Di sadvantages. The technique of precipitation is wdely
used for treating waste containing nmetals. This concept enjoys a technol ogy
based upon thernodynani cs which provides a theoretical base for the consider-
ation of a multitude of operations. Limtations are also defined by thernody-
nami cs.

(1) The extent of renoval is governed by the physics of the system

(2) High TDS reduces performance, requiring the use of activity
coefficients.

(3) Chelating agents can drastically reduce performance.
(4) A variety of anions may be used to inprove performance.

(5) Precipitate will usually require a coagul ation and/or floccul ation
st ep.

d. Data Requirements. In npost cases, data will be available in the
literature for pure single conmponent systenms wi thout interferences. These
data shoul d be adequate for planning | evel design. However, this should be
confirmed by bench or pilot plant testing.

e. Design Criteria. Solubility relationships are generally nuch nore
conpl ex than indicated in the preceding discussion. |In natural waters or
waste waters , several other factors nust be considered in order to make a
realistic solubility product calculation. The ionic strength of the solution
affects ion activity and nust be considered if nore exact cal cul ations are
desi red.
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4-11. Flocculation and Sedinentation. Flocculation and sedinentation are
wel | - devel oped waste-water treatnment processes currently being applied to the
full-scale treatment of many industrial waste waters containing particul ates
and/ or soluble heavy netals. The operating paraneters and econom cs associ -
ated with the application of flocculation and sedimentation to the treatnent
of specific industrial waste-water streams are well defined and well docu-
mented (refer to CAPDET for design considerations).

a. Process Description.

(1) Historically, the ternms “flocculation” and “coagul ati on” have been
used rather indiscrimnately and interchangeably to describe the process by
which small, unsettleable particles suspended in a |iquid nediumare made to
aggl omerate into larger, nore settleable particles. For the purpose of this
manual , the term “floccul ati on” shall be defined so as to enconpass all of the
mechani sns by whi ch suspended particles agglonmerate into |arger particles. No
distinction will be nade between coagul ati on and fl occul ation

(2) A variety of mechanisns are involved in the process of
floccul ati on whereby snall particles are made to formlarger particles. Most
of these nechani sns involve surface chem stry and particle charge phenonena.
In sinple terns, these various phenomena can be grouped into two sequentia
mechani sns:

(a) Chemically induced destabilization of the repul sive surface-
rel ated forces, thus allowi ng particles to stick together when contact between
particles is nade.

(b) Chemical bridging and physical enmeshnment between the now
nonrepelling particles allows for the formation of |large particles.

(3) Typical chemicals used to cause flocculation include alum Iine,
and various iron salts (ferric chloride, ferrous sulfate). Organic flocculat-
ing agents, often referred to as “polyelectrolytes,” have cone into w despread
use. These materials generally consist of |ong-chain water-soluble polyners
such as pol yacryl ami des. They are used either in conjunction with the inor-
ganic floccul ants such as alumor as the primary floccul ati ng agent al one.

(4) The inorganic flocculants, such as alum line, or iron salts, make
use of precipitation reactions. Al um (hydrated alum numsulfate) is typically
added to aqueous waste streans as a solution. Upon nixing, the slightly
hi gher pH of the water causes the alumto hydrolyze and formfluffy, gelati-
nous precipitates of alum num hydroxi de. These precipitates, partially due to
their large surface area, act to ennesh small particles and thereby cause
| arger particles. Line and iron salts, as well as alum are used as floccu-
lants primarily because of this tendency to formlarge fluffy precipitates or
“floc” particles. Mny precipitation reactions, such as the precipitation of
nmetals fromsolution by the addition of sulfide ions, do not readily formfloc
particles, but rather precipitate as very fine and relatively stable colloida
particles. In such cases, flocculating agents such as alum and/or polyel ect-
rol ytes nust be added to cause floccul ation of the nmetal sulfide precipitates.
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(5 In the flocculation process, it is essential that the slow nixing
step be very gentle and be given sufficient time, as newy aggl onerated parti -
cles are quite fragile and can be broken apart by shear forces during niXxing.
Once suspended particles have been flocculated into | arger particles, they can
usual ly be renpved fromthe liquid by sedinentation, provided, of course, that
a sufficient density difference exists between the suspended matter and the
['iquid.

(6) Sedinentation is a purely physical process whereby particles
suspended in a liquid are made to settle by neans of gravitational and iner-
tial forces acting on both the particles suspended in the liquid and the
liquid itself. The fundanmental elenments of npbst sedimentation processes are:

(a) A basin or container of sufficient size to maintain the liquid to
be treated in a relatively quiescent state for a specified period of tine.

(b) A means of directing the liquid to be treated into the above basin
in a manner which is conducive to settling.

(c) A means of physically removing the settled particles fromthe
liquid (or the liquid fromthe settled particles, whichever the case may be).

(7) darifiers are gravity separation devices and are usually the type
of equi pment used in applications that involve precipitation and floccul ation
in addition to sedinmentation. Very often, all three processes take place
within the sane piece of equipnment (clariflocculator) since many clarifiers
are equi pped with separate zones for chem cal m xing and precipitation, floc-
culation, and settling. Certain clarifiers are equipped with low lift tur-
bi nes which mx a portion of the previously settled precipitates with the
incoming feed, as this practice has been shown to enhance certain precipita-
tion reactions and pronote favorable particle gromh. (This type of clarifier
is often used in water-softening applications involving the precipitation of
cal cium as cal ci um carbonate.)

b. Applications. The processes of flocculation and sedinentation are
sui tabl e treatnent nethods whenever it is necessary to renove suspended parti -
cul ates and/or soluble heavy netals. The nost common applications suitable
for hazardous waste sites will include:

(1) Settling of suspended solids fromsurface water run-off.
(2) Removal of soluble and insoluble toxic netals.
(3) Rempval of soluble inorganics natural to ground-water supplies.

Many toxic metals, including cadmium |ead, arsenic, and chromum are renoved
to some degree fromwaste waters by these processes. There is no upper limt
on the concentrations that can be treated by these processes. The lower limt
for renoval of soluble species is generally governed by the solubility product
of the particular ion, although this nmethod of predicting renmoval efficiency
is not very reliable.
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c. Advant ages/Di sadvant ages. The major advantages and di sadvant ages of
floccul ati on and sedi mentation as applied to hazardous waste sites are suma-
rized bel ow.

Advant ages Di sadvant ages
Can be economically applied to very Oten yields inconplete renmoval of
| arge vol unes of |eachate or ground many hazardous compounds

wat er

W dely used, equipnent is relatively Large quantities of hazardous sl udges
simpl e may be generat ed

Very | ow energy consunption Equi prent may be difficult to obtain
for flows of less than 37.9 n#/ day
(-10, 000 gpd)

No upper limt to concentrations that Because of continually changing

can be treated | eachate quality, required dosages
of coagulants will continuously
change

d. Data Requirenents.

(1) The required dosage of coagul ant depends upon pH, alkalinity,
phosphate | evel s, and node of mixing; dosage can be determ ned by jar tests
and zeta potential tests. Typical chem cal dosages used in industria
treatment processes are listed in Table 4-15. The hydraulic |oading, also
listed in Table 4-15, is used as a basis for determ ning suspended solids
renoval efficiencies. The hydraulic |oadings shown are intended to achieve 80
to 90 percent suspended solids renoval .

Tabl e 4-15. Chemical Treatnent of Industrial Waste Water by Coagul ation

Criteria Fed , Al um Ca(OH),

Dose, ng/ ! 80- 120 100- 150 350- 500
Hydraul i ¢ | oadi ng,

n¥/ m n¥ 1.2x10® to 1.6x10%* 8.2x10* to 1.6x10®* 2x10%*to 3.3x10°3

(gpm'sqg ft?) (0.3-0.4) (0.2-0.4) (0.5-0.8)
Cheni cal sl udge

production, ng/¢ 42- 84 30-60 480- 839

(I'b/mllion gal) (350- 700) (250-500) (4, 000- 7, 000)

W thout use of polyelectrolytes.

(2) Oher data required to size the settling basins will include:

4-56
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(a) Waste streamdaily and peak flows.
(b) Settling velocity.

(c) \Waste stream analysis for size distribution and solids and liquid
specific gravity.

e. Design Criteria.

(1) The effectiveness of a particular flocculant varies in different
applications, and in a given application each floccul ant has an opti mum con-
centration and pH range. The process of flocculation requires rapid m xing
followed by a slow and gentle nixing to allow contact between small particles
and aggloneration into larger particles. Rapid mxing for coagul ants
especi al ly inorgani c coagul ants such as alumis required to conpletely
di sperse the coagulant into the water imrediately. Rapid mixing is usually
acconplished in 10 to 60 seconds. A nean tenporal velocity gradient in excess
of 91 ms (300 feet per second per foot) is recommended. After achieving an
effective m x, pronmotion of particle growh by flocculation during the sl ow
mx step is next. Flocculation is acconplished in 15 to 30 mnutes with a
mean tenporal velocity gradient of 40 to 80 neters per second per nmeter (40 to
80 feet per second per foot). The lower value is for fragile floc (alum num
or iron), and the higher value is for a lime floc (Azad 1976).

(2) Sedinentation may be carried out in a separate basin from
flocculation or it may be carried out in the same basin with both floccul ation
and precipitation. Figures 4-13 and 4-14 present schematics of an “in-line”
system and a sl udge-bl anket type unit in which all three processes are carried
out in a single unit. Criteria for sizing settling basins are overflow rate
(surface settling rate), tank depth at the side walls, detention time which
usual |y averages 1 to 3 hours, and surface |oading rates which average 1.5 to
2.5 nf/d/ n? (360 to 600 gallons per day per square foot) for alumfloc, 2.2 to
4.9 nt/d/n? (540 to 1,200 gallons per day per square foot) for lime floc, and
2.9 to 3.3 n¥/d/nf (700 to 800 gallons per day per square foot) for Fel, In
sel ecting the particular tank shape, proportions, equipnment, etc., the
desi gner shoul d:

(a) Provide for even inlet flow distribution in a manner that
m nimzes inlet velocities and short-circuiting.

(b) Mninize outlet currents and their effects by Iimting weir |oad-
i ngs and by proper weir placenent.

(c) Provide sufficient sludge storage depths to pernit desired
t hi ckeni ng of sludge. Solids concentrations of two to seven percent should be
obt ai ned.

(d) Provide sufficient wall height to give a mnimum of 457 nm (18
i nches) of freeboard.

(e) Reduce wind effects on open tanks by providing wi nd screens and by
l[imting fetch of wind on tank surface with baffles, weirs, or |aunders.
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RAPID MIX TANK  FLOCCULATION CHAMBER SEDIMENTATION BASIN

PRECIPITATING
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Figure 4-13. Representative Configuration Employing Precipitation, Floccu-
lation, and Sedimentation
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Figure 4-14. Typical Solids Contact Chemical Treatment System
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(f) Consider econony of alternative |layouts that can be expected to
provi de equi val ent performance.

(g) Maintain equal flowto parallel units. This is npst inportant and
often forgotten. Equal flow distribution between settling units is generally
obt ai ned by desi gning equal resistances into parallel inlet flow ports or by
flow splitting in symretrical weir chanbers.

4-12. Neutralization

a. Process Description.

(1) The neutralization process described herein is intended for use in
two different ways. The word “neutralization” inplies a neutral pH of 7.0.
However, in the present context, the process will be used to describe the
adj ustment and control of pH at a specified |evel

(2) Many manufacturing processes generate waste streans that are
acidic or alkaline in nature. Before such wastes can be di scharged to the
environnent, the pH nust be adjusted to be within the EPA-specified range,
usually 6 to 9.

(3) Adjustnent of pH nay also be desirable to control chem ca
reaction rates and to effect precipitation. For exanple, in the reduction of
chromum (VI) to chromium (I11), the pH nust be lowered to 3.0 or less in
order for the reaction to proceed at a satisfactory rate. In order to
precipitate the chromum (I111), the pH nust be raised to between 8 to 8.5.

(4) The basic principle behind the process is sinple: the mxing of an
acid or a base with a process streamto bring about the desired pH  Typi-
cally, the process is carried out in a conpletely stirred reactor (CSTR)

(5) The addition of appropriate quantities of neutralizing agent is
noni tored and adjusted by pH neasurenents and control. Generally, these
systens are of a continuous flow variety and use automatic pH nmonitors to
check the acidity or alkalinity and control the feeding of neutralizing agent.
The nunber of neutralization units and the [ ocation of pH sensors are deter-

m ned by the stability of the waste stream pH  Were widely varying pH |l evels
are experienced, several reaction units plus additional nonitoring equipnent
may be required. A streamwth large fluctuations in pH m ght al so be pre-
ceded by an equilization basin which would yield a nore consistent feed with a
limted pH range.

(6) The choice of a neutralizing agent is dictated by a nunmber of
factors such as economcs, availability, and process conpatibility. Commonly,
the choice of an acid for neutralizing al kaline waste is sulfuric acid,
whereas the choice for an acid stream may be |ine or caustic.

b. Applications. Neutralization is a treatment process of denobnstrated
techni cal and economic feasibility industry wide. Two primary applications
are intended here and are as foll ows:
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(1) Neutralize a waste streamto a suitable |evel such that it can be
di scharged to the environnent.

(2) Adjust pH of a waste streamto a specified | evel that woul d be
suitable for carrying out chem cal reactions or further treatnent.

c. Advant ages/Di sadvant ages. Advantages and di sadvant ages of neutral -
i zation are summuarized bel ow

Advant ages Di sadvant ages

Proven and sinple process Does not remove or degrade pollutants,
rather adds them
Sone waste may be di scharged

directly follow ng pH controllers require frequent
neutralization mai nt enance
Can provi de favorable conditions May require equilization as
for oxidation/reduction pretreat ment
reactions

May generate | arge amounts of heat
Can provide conditions favorable
to precipitation of netals

d. Data Requirenents. Data requirenents include:

(1) Average daily flow, peak flow.

(2) pHrange of influent stream

(3) Desired control pH

(4) Equivalents per liter of alkalinity or acidity to be neutralized.

e. Design Criteria.

(1) If the influent hydraulic flow is expected to vary significantly,
equal i zati on should be considered for pretreatnent. This approach is al so
true for wide fluctuations in the influent pH

(2) A CSTRwith 10 to 20 minutes residence tinme should suffice in nost
cases. Neutralization reactions are typically very fast. There may be, how
ever, extenuating circunstances that would nake it desirable to increase or
decrease this time. A larger volume would tend to stabilize the contro
system On the other hand, if pH adjustnent is being carried out in a number
of stages, retention tine may be reduced to a m ni mum

(3) Feed systenms and storage tanks must be provided for acid and/or
base for neutralization. |If line is used, a slurry tank nay be required.
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(4) If strong acids require neutralization with strong bases, care
nmust be exercised to consider the potential for a violent exotherm c reaction

This situation should be avoided if at all possible.

4-13. Ol -Water Separation

a. Process Description.

(1) Ol-water separators may be of several different types that
utilize either gravity or nechanical acceleration to separate phases of
varying density. Gavity separators are nore conmonly called APl (Anmerican
Petroleum Institute) separators. This term nology stens froma hydroneter
scale in °APlI that is used by the petroleumindustry to specify the specific
gravity of petrol eum products.

(2) An APl separator consists of a settling chanber that allows o0il to
separate from an aqueous phase and rise to the surface, a baffle and oil skim
m ng device that prevents the loss of the oil phase to the effluent while con-
tinuously renmoving the surface oil, and a hol ding basin that collects and
stores the oil until final disposal is desired.

(3) Gavity separators should be used only for gross oil-water separa-
tors. They are not intended for renovals to |ow parts per nillion |evels.
Al so, they should not be used for emulsified oil and grease.

(4) Lowlevel oil removal may require a menbrane process, centrifuga-
tion, chenical coagul ation, or carbon adsorption. One or nore of these
processes may be used after the APl separator. A flow diagramfor an API
separator is presented in Figure 4-15.

CHEMICALS
{OPTIONAL)

BAFFLE
EFFLUENT

OIL SKIMMER

oL

INFLUENT

CHEMICAL MIX' TANK BOTTOM SLUDGE COLLECTCR
OFTEN INCLUDED

Figure 4-15. Flow Diagram for API Separator

b. Application.

(1) APl are gravity separators which are technically sinple oil-water
separators that have found wi de usage at manufacturing facilities. They are
used to separate residual oil fromwashing down floors, equipnment, parts,
conpressor bl owdown, and spill age.
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(2) Gavity separators are typically used as a pretreatnent step
before further processing of the waste water. Gl is automatically skimred
and collected in a holding basin where it is held for final disposition.
Residual oil in the effluent may be renoved in subsequent treatnment steps, or
specific processes may be required in the process train for total renoval,
per haps car bon adsorption.

c. Advant ages/Di sadvant ages. Advantages and di sadvantages of oil/water
separators are sunmarized bel ow

Advant ages Di sadvant ages
Provi de excell ent gross Cannot treat emulsified oil or oi
oi | renoval droplets smaller than

0. 015 centineters

Proven, inexpensive Separated oil requires disposal and
t echnol ogy wat er phase may requre futher
t r eat ment

Variety of proprietary units
are readily avail abl e Short-circuiting may be a problem

Sensitive to shock | oadings

d. Data Requirements. Data requirenments are as follows:

(1) Hydraulic flow, average and peak
(2) Size of oil droplet to be renoved.
(3) APl or density of oil

(4) APl or density of water phase.

(5) Viscosity of fluid.

(6) Expected operating tenperature.

e. Design Criteria.

(1) Gavity separators are based upon the rise rate of oil droplets of
a specified size and density. These droplets rise to the surface or to a
baffle and then to the surface within the retention tine provided. A skinmng
devi ce then physically renoves the oil to a holding facility.

(2) Rise rates are anenable to theoretical considerations through a
rather sinple force balance on the system These forces include drag,
buoyant, and gravitation forces. The design of o0il separators as devel oped by
the American PetroleumlInstitute is based upon renoving oil droplets that are
| arger than 0.015 centineter in dianmeter. The Reynol ds nunber for this situa-
tion can be shown to be less than 0.5. This says that, for spherica

4-62
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particles, |lanm nar flow can be assumed with little error and Stoke*s lawis
appl i cabl e.

(3) Stoke*s |aw describes the terminal settling velocity of a particle
as a function of the particle and nmedium density, particle dianeter, and drag
characteristics. Stokes equation is as foll ows:

v, = f;j';)_g[)_: (4-3)
u
wher e
V, = term nal settling velocity, cnisec
P, = density of particle, g/cnt
P = density of fluid, g/cn?
g = gravitational constant, cnfsec?

D, = diameter of particle, cm
u = viscosity of fluid, dyne-sec/cnt

(4) The API design procedure nust consider short-circuiting and turbu-
| ence for best performance.

4-14. Dissolved Air Flotation

a. Process Description.

(1) Flotation is a solid-liquid separation process. Separation is
artificially induced by introducing fine gas bubbles (usually air) into the
system The gas-solid aggregate has an overall bulk density less than the
density of the liquid; thus, these aggregates rise to the surface of the
fluid. Once the solid particles have been floated to the surface, they can be
coll ected by a skimm ng operation

(2) Air flotation systens may be classified as dispersed air flotation
or dissolved air flotation. |In dispersed air flotation, air bubbles are
generated by introducing air through a revolving inpeller or porous nedia.
This type of flotation systemis usually ineffective and finds very linmited
application in waste-water treatnment. Dissolved air flotation may be subcl as-
sified as pressure flotation or vacuum flotation. Pressure flotation involves
air being dissolved into the waste water under el evated pressures and | ater
rel eased at atnospheric pressure. Vacuum flotation consists of applying a
vacuumto waste water aerated at atnospheric pressure. Dissolved air-pressure
flotation considered herein is the nost comonly used in waste-water
treat nent.
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(3) The principal conponents of a dissolved air-pressure flotation
system are a pressurizing punp, air injection facilities, a retention tank, a
back- pressure regul ating device, and a flotation unit. The primary variables
for flotation design are pressure, recycle ratio, feed solid concentration,
detention period, air-to-solids ratio, use of polynmers, and solids and hydrau-
lic loadings. Optimmdesign paraneters nust be obtained from bench scale or
pilot plant studies. A flow diagramfor a dissolved air flotation systemis
presented in Figure 4-16.

SLUDGE REMOVAL MECHANISM

2z SLUDGE BLANKET [7ms 7%

e
!

e

| PR Ve o

Z—L R FLOW ZONE
RECIRCULATION PUMP RECYCLE FLOW

AIR FEED

L SLUDGE DISCHARGE
L INFLUENT

- \
RECYCLE FLOW

RETENTION TANK
AlR DISSOLUTION

EFFLUENT

REAERATION PUMP

Figure 4-16. Flow Diagram for Dissolved Air Flotation System

b. Applications. |In waste-water treatment, flotation is used as a
clarification process to renove suspended solids and as a thickening process
to concentrate various types of sludges. However, high operating costs of the
process generally limt its use to clarification of certain industrial wastes

and for concentration of waste-activated sludge. |In industrial practice, with
wast es containing total suspended solids (TSS) and oil and grease levels up to
900 mIligrans per liter, renoval efficiency of 90 percent has been recorded.

c. Advant ages/Di sadvant ages. Advantages and di sadvantages of dissol ved
air flotation are summari zed bel ow.

Advant ages Di sadvant ages
Requires very little | and Only effective on particles with
area densities near that of water
Wel | documented and avail abl e Varying influent will affect performance

t echnol ogy
Sl udge generated will require di sposa
Air released in unit unlikely
to strip volatile organics

d. Data Requirements. Required design information includes:

(1) Waste streamdaily average fl ow
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(2) Waste streamtenperature.
(3) Waste streamoil/grease or suspended solids concentration
(4) Treatability tests to determne air requirenents and pressure

e. Design Criteria.

(1) Major design variables and correspondi ng operating conditions are

(a) System pressure, 276-413 kPa (40-60 psig) (pounds per square inch

gage) .
A _ 1.3s,(fP - 1)
S Sa
Temp., °C | 0 | 10 | 20 | 30
S,, mL/A | 29.2 | 22.8 l 18.7 | 15.7
wher e

AI'S = air to solids ratio, m (air)/ng (solids)

S, = air solubility, m/

f = fraction of air dissolved at pressure P, usually 0.5
P = pressure, atm
- E—TZL%*Z (U.S. customary units)

_ b+ 101.35 .
101,35 (ST units)

p gage pressure, |b/in%?gage (kPa)
S, = sludge solids, ng/¢?

The correspondi ng equation for a systemwi th only pressurized recycle is

A _ 1l.3s,(fP - )R
s 5.Q

wher e
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R
Q

pressurized recycle, Mal/d (nf/d)
m xed-liquor flow, Mal/d (n¥ d)

In both equations, the numerator represents the weight of air and the

denom nator the weight of the solids. The factor 1.3 is the weight in mlli-
grans of 1 m of air, and the term (-1) within the brackets accounts for the
fact that the systemis to be operated at atnospheric conditions. The
required area of the thickener is determ ned froma consideration of the rise
velocity of the solids, 0.2 to 4.0 gal/m=+ ft2(8 to 160 ¢/nfe mn), depending
on the solids concentration, the degree of thickening to be achieved, and the
solids-loading rate.

(b) Hydraulic loading, 4.1 x 10® - 1.6 x 102 n¥/ mn/nt (1-4 gpm ft?).
(c) Retention period, 20-40 mm

(2) It is comon engineering practice to triple the calculated Ato
provide a safety factor and excess air for high dissolution efficiency.

(3) The hydraulic loading rate (referred to as surface |oading rate
(SLR)) is determ ned by plotting | aboratory experinmental values of effluent
pol | utant concentrations versus surface |loading rates. The rate which is
sufficient to achieve effluent water quality goals is identified fromthe
gr aph.

(4) The retention time equation is

t=_4d (4-7)

where a depth of 1.2 to 2.7 m(4 to 9 feet) is typically chosen (EPA 1980).

4-15. Reverse Osnosis.

a. Process Description.

(1) Osmosis is the nmovenent of a solvent through a nmenbrane which is

i nperneable to a solute. If a salt solution is separated from water by neans
of a seni perneabl e menbrane, there will be a net transport of water in the
direction of the salt solution. This phenonenon devel ops a hydrostatic
pressure known as “osnotic pressure.” It may al so be defined as the excess

pressure that nust be applied to the solution to produce equilibrium

(2) Reverse osnpsis renpves contam nants from aqueous wastes by
passing the waste stream at high pressure, through a seni perneabl e nenbrane.
At sufficiently high pressure, usually in the range of 1378 to 2756 kPa (200
to 400 pounds per square inch), pure water passes out through the nmenbrane
| eaving a nore concentrated waste stream As the waste stream becones nore
concentrated, the osnotic pressure increases and consequently requires addi-

4- 66
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tional external pressure to maintain the flowin the proper direction, hence
the nane reverse osnosis.

(3) The sem perneabl e nmenbrane itself is perhaps the npost critica
part of reverse osnosis (RO . At present, commercial RO nenbranes are made
fromtwo types of polyners. The first nmenmbranes devel oped were cell ul ose
acetate. The second type of menbranes were devel oped from cel |l ul ose
triacetate. Both menbranes can be prepared in sheet formwi th water fluxes of
4.1 x 102 -8.2 x 102 nf/day/ nf (10 to 20 gal |l ons per day per square foot) at
2756 kPa (400 pounds per square inch). Polyam ne nmenbranes are being
devel oped but, at present, they have no resistance to chlorine.

(4) The design of the nodul es containing the RO nmenbranes is crucia
to the efficient operation of the process. As solute is rejected by the mem
branes, it concentrates at the nenmbrane surface and results in a situation
known as “concentration polarization,” where the concentration at the nenbrane
surface is many tinmes higher than in the bulk feed solution. Since the driv-
ing force for water transport decreases with increasing concentration, polari-
zation can have a very deleterious effect on water fl ux.

(5) Concentration polarization can be mininized by high fluid shear at
t he menbrane surface to aid the back-transport of polarized solute into the
bul k of the process stream This is acconplished by flowing the feed stream
at high velocities in thin channels to pronote |aninar shear, or in w de chan-
nel s to produce turbul ence. RO nmenbranes can be spiral wound, hollow fine
fiber, tubular, or flat menbrane.

(6) One of the difficulties with RO nenbranes is their susceptibility
to fouling by filmform ng organics or insoluble salts. It is comon practice
to preprocess feed water as necessary to renove oxidizing materials, iron, and
magnesi um salts; to filter out particulates; and to renove oils, greases, and
other filmformers. |If there is likelihood of fouling by living organisns,
chlorination or UV treatnment may be enpl oyed as well to ensure that maxi num
flux rates may be obtained. A typical flow sheet for an RO plant is shown in
Figure 4-17.

b. Applications.

(1) RO systens are in extensive use throughout the world in generating
pot abl e water. Over 2.27 x 10° nf/day (60,000,000 gallons per day) in
capacity is now in operation.

(2) The nunber of plants in use to treat industrial waste water is not
clearly defined but appears to be significant. Specific applications include:

(a) Preparation of pure water and process feed water

(b) Preparation of rinse water in sem conductor and el ectronic
manuf act uri ng.

(c) Purification of water for hospital use.
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Figure 4-17. Reverse Osmosis Plant Flow Sheet

(d) Reclamation of electroplating chenicals.
(e) Recovery of sugar wastes by candy manufacturers.

(3) Industrial waste treatnent offers a great potential for RO This
process shoul d be considered when it is desirable or necessary to acconplish:

(a) A reduction in the waste vol ure.

(b) Recovery of valuable or reusable materials.

(c) \Water conservation and recovery.

(d) The concentration of pollutants for further processing.

c. Advant ages/Di sadvant ages. Advantages and di sadvant ages of reverse
osnosis are |isted bel ow
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Advant ages Di sadvant ages

Capabl e of high salt rejection Requi res high operating pressure and
ext ensi ve pretreatnment
Produces high purity sol vent
Subj ect to menmbrane fouling and
Applicable to small conpr essi on
installations
Cannot be used for fractionation
Provi des for water
conservation and use Proportion of reject water may be too
hi gh to be acceptable

d. Data Requirenents.

(1) A variety of proprietary designs for ROunits are available from
nunerous manufacturers. These suppliers will usually supply the follow ng
pertinent information with regard to their particular systemand for a variety
of nmenbranes:

(a) Packing density, n#¥/ n? (ft2/ft?).

(b) Water flux at a specified pressure and tenperature.

(c) Sodiumchloride rejection.

(d) Acceptable pH ranges.

(e) Reconmended operating pressure.

(2) Data with regard to specific waste are also required that nust be
det erm ned experinentally from bench scale studies. Mnufacturers and
suppliers are usually eager to be of help in this area.

(3) One inportant piece of information that nust be determ ned for any
specific application is pretreatnent requirements. |n general, pretreatnent
will always be required and should be carried out to:

(a) Rempve excess turbidity and suspended soli ds.

(b) Adjust pHto desirable |evel

(c) Adjust tenperature of feed.

(d) Control the formati on of conponents that tend to precipitate

(e) Disinfect to prevent slime growth.

(f) Remove oil and grease that may be present.
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(4) Data regarding flux rates nmust be determined experinentally. Flux
decline is a serious operational problemthat nust be given the proper atten-
tion. Menbrane conpacti on and nmenbrane fouling are responsible for reductions
in flux. Menbrane conpaction is a function of nmenbrane type, operating
tenmperature, pressure, and tinme.

e. Design Criteria.

(1) The design of an RO systemis based upon the feed water conposi-
tion, variability, tenperature, and osnotic pressure. Rejection of various
conponents in the feed stream by a specific nmenbrane flow rate usually
di ctates the nunber of units or size of the plant. Product quality is diffi-
cult to predict but can be varied by adjusting product recovery.

(2) When plant capacity and energy requirenments are established, the
menbrane requirenments nust be set. Menbrane considerations include the expec-
tancy, conpaction, fouling, and operating net pressure. |f, for exanple, data
are available for a certain nenbrane that would suggest a flux of 10 gall ons
per square foot per day at 70°F at 500 pounds per square inch is applicable,

t he menbrane requirement for a 100,000 gall ons-per-day facility woul d be

10, 000 square feet of nmembrane. It is common design practice to base the
design flux upon the expected volume after 1 year of operation which may

reduce flux rate by 10-15 percent. Menbrane lifetime is critical

(3) Mninization of concentration polarization is another design con-
sideration. This is done by regulating the brine flow rate through the RO
units. Since product is continuously being taken out, the brine flowis
reduced. To conpensate for this, units are staged in a series-paralle
arrangenent that is simlar to an inverted pyram d.

4-16. Solidification/Stabilization. Solidification/stabilization technology
as applied to wastes uses physical and chemnical processes to produce cheni -
cally stable solids with inproved contam nant contai nment and handling charac-
teristics. Waste solidification is the termused to describe the process of
sorbing a liquid or semliquid waste onto a solid medium such as fly ash,
cenent, kiln dust, or clay, or otherw se incorporating the waste in a solid
matrix. This partial treatnment elimnates any free liquid and reduces the
risk of spillage or escape of contaminants in any |liquid phase. This tech-
nol ogy is discussed in detail in paragraph 4-21

4-17. Utrafiltration.

a. Process Description.

(1) Utrafiltration and RO are simlar processes and sone confusion
exi sts about their distinction. Both involve the transport of a solution
under a pressure gradient through a sem perneabl e menbrane to achi eve at | east
partial separation of solvent nolecules fromsolute nolecules. |In addition
both require a velocity vector parallel to the plane of filtration. The two
processes differ because ultrafiltration is not inpeded by osnotic pressure
and can be effected at | ow pressure differences of 34.5 to 689 kPa (5 to 100
pounds per square inch). Utrafiltration is usually applicable for separation
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of sol utes above a nol ecul ar wei ght of 500, which have very small osnotic
pressures at noderate concentrations. These include such materials as
bacteria, viruses, starches, guns, proteins, clays, and paint pignents. The
upper mol ecul ar weight limt for ultrafiltration is usually defined as

500, 000. Above that nol ecul ar wei ght size, separation occurs by conventiona
m croporous filtrations.

(2) Concentration polarization effects in ultrafiltration are simlar
to those in RO except nore severe. Since mcronol ecul ar diffusion constants
are two to three orders of magnitude snaller than those of salts, back-

di ffusion to the bulk of the liquid is much slower. Figure 4-18 illustrates
t he i npact of concentration polarization

MEMBRANE PERMEABILITY CONTROL

GEL MASS TRANSFER CONTROL

FLUX ——&—

MEMBRANE + CONCENTRATION
POLARIZATION

PRESSURE OR REJECTED SPECIES CONCENTRATION ————&-

Figure 4-18. Effect of Concentration Polarization Upon
Membrane Flux in Ultrafiltration

b. Applications.

(1) The properties of ultrafiltration menbranes lead to a range of
applications quite distinct fromthose of conventional filtrations. \Were
solutes are being separated fromsolution, ultrafiltration can serve as a
concentration or fractionation process for single-phase liquid streanms. Thus,
ultrafiltration conpetes with adsorptive and evaporative separation processes
and has the potential for broader applicability than conventional filtration.
Usually, it will not performthe entire task because it produces a concentrate
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rather than a solvent-free product, and the concentrate requires further
processing if a pure solute is to be recovered.

(2) Application of ultrafiltration may fall into one of three
cat egori es:

(a) Concentration, where the desired conponent is rejected by the
menbrane and taken off as a fluid concentrate.

(b) Fractionation, for systems where nore than one solute is to be
recovered, and products are taken fromboth the rejected concentrate and
per neat e.

(c) Purification, where the desired product is purified solvent.

(3) Table 4-16 summarizes nmajor existing ultrafiltration applications.
Al so shown is the function of ultrafiltration processing for the specific
application.

(4) Table 4-17 sumari zes devel opmental applications of ultrafiltra-
tion. These represent areas which are likely to be comrercial within the next
5 years. Table 4-16 indicates conmercial applications and the nature of their
t echnol ogy.

Table 4-16. Commercial Applications of Utrafiltration

Appl i cation Functi on
El ect r ocoat Fracti onation
Pai nt rejuvenation and rinse water Concentration and fractionation
Protein recovery from cheese whey Concentration and fractionation
Met al machining, rolling, and Purification

dr awi ng- - oi
Emul si on treat ment Purification
Textile sizing (PVA) waste Fractionation

El ectroni cs conmponent manufacturing Purification
washwat er treat ment

Phar maceuti cal s manuf acturing Purification
sterile water production

c. Advant ages/Di sadvantages. Utrafiltration is a concentration
process that is in conpetition with other nenbrane processes as well as evapo-
rati on processes. |Its advantages and di sadvantages are sunmmari zed bel ow.




Advant ages

Operates at | ower pressure
t han RO

Can be used for fractionation
Does not require pretreatnent as
RO, but can be used as pre-

treatnment for RO

Requires less capital than RO
or evaporative processes

Highly suitable for small flows
and small installations

Tabl e 4-17.
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Di sadvant ages

Requi res menbr anes t hat
are subject to fouling

Limted range of particle sizes for
for which it is effective

Devel opment Applications of Utrafiltration

Application

Dye waste treatnment

Pulp mill waste treatnent

I ndustrial laundry waste treatnent
Protein recovery from soy whey

Hot al kal i ne cl eaner treatment

Power pl ant boiler feedwater
t r eat ment

Sugar recovery from orange
juice pulp

Product recovery in pharmaceutica
and fernentation industries

Col l oi d-free water pollution
for beverages

Functi on

Concentration and purification
Concentration and purification
Purification and fractionation
Concentration

Fractionation and purification

Purification

Fracti onati on

Concentration

Purification

d. Data Requirenents.

(1) A variety of proprietary designs for ultrafiltration units are

avail abl e from numer ous manuf acturers.

These suppliers will usually supply

the followi ng pertinent information with regard to their particular system and

for a variety of nenbranes:
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(a) Packing density, 1.5 n¥/ nf (5 ft#ft?).

(b) Water flux at a specified pressure and tenperature.

(c) Molecular weight cutoff or rejection

(d) Acceptable pH ranges.

(e) Reconmended operating pressure.

(2) Data with regard to specific waste are also required that nust be
determ ned or verified experinentally. Mnufacturers and suppliers wll
usual |y provide assistance in this area. Flux rates and rejection should be

det erm ned experinmentally.

e. Design Criteria.

(1) The approach to the design of an ultrafiltration systemis sinmlar
to that for RO In ultrafiltration design, concentration polarization effects
are magni fi ed, and care nmust be exercised to alleviate this problem Typi-
cally, channels are designed for m nimum height, and the unit is operated at a
hi gh parallel surface velocity.

(2) Operating pressures for ultrafiltration systens are in the range
of 68.9 to 689 kPa (10 to 100 pounds per square inch) with 413 to 551 kPa (60
to 80 pounds per square inch) being typical. As is the case with RO
tenmperature plays a significant role in the flux rate of ultrafiltration mem
branes. Fluxes are expected to double for a 15° to 25°C rise in tenperature.
Operating tenperatures are limted by econom cs and the material from which
the nmenbrane is constructed. Menbranes produced fromcellulose are linmted to
the 50° to 60°C range, while other nenbranes may be operated at tenperatures
as high as 100°C.

(3) Utrafiltration menbranes are specified in terns of nol ecul ar
wei ght cutoff or a rejection of a specific nolecular weight compound. This is
not an absol ute neasure of rejection. |In actuality, rejection is a function
of nmol ecul ar shape, size, and flexibility as well as the operating conditions.

Section Il. Treatnment of Sludges and Soils

4-18. Biological Treatnment.

a. Bioslurry Reactors.

(1) Process description.

(a) Bioslurry reactors (BSRs) (also referred to as liquid/solids reac-
tors) are an innovative biological technology for rapid treatnent of sludges
and excavated soils. BSRs offer treatnent conditions that are conducive to
the optimal biotreatnment of contam nated soils by slurrying contaninated soils
in water using liquid-to-solid ratios ranging from?20 to 50 percent. The
soil/water slurries are usually kept in suspension using mechanical m xers,
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injected air, recircul ati on punps, and/or raker arms scraping the reactor
bottom Typically, BSRs are operated under aerobic conditions; however, BSRs
can be configured for anaerobic treatnment if warranted. BSRs can be operated
in batch or continuous nodes. Continuous flow systens are usually operated

using multiple reactors in series. Figure 4-19 shows a typical schematic of a
BSR system
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Figure 4-19. Typical Bioslurry Treatment System

(b) Many of the Iimting conditions associated with other soi
bi otreat ment technol ogies are substantially reduced in the BSRs. Oxygen
transfer, usually a magjor linmting factor with the other soil treatnment bio-
technol ogi es, especially in situ treatnent, is inproved due to increased
m xi ng efficiency. Oxygen is supplied by the addition of air or oxygen via
submerged gas spargers. Nutrients and co-nmetabolites may al so be added
dependi ng on the required treatment conditions, usually determ ned through
bench treatability studies. BSRs usually contain both attached and suspended
grom h consortia allow ng for contam nant destruction in both phases. M cro-
bi al popul ations in BSRs are nmuch hi gher than those found in other soil bio-
treatment systenms due to the inproved treatnent conditions, thereby maxini zing
t he degradation rate of contam nants due to inproved m crobe/contam nant con-
tact and increased contam nant desorption rates.

(2) Applications.
(a) BSRs have proven effective in treating soils contam nated with
petrol eum hydrocarbon and wood preserving wastes. Some systens incorporate

soi|l screening techniques prior to BSR treatnment because the najority of the
contam nants are sorbed to the finer fraction of the soils. BSR technol ogy
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can be applied in customfabricated, stock commercially avail able, or earthen
reactor units. Soil residence times will vary greatly depending on the con-
tam nant type, concentration, and sorption characteristics.

(b) Various additives can be provided to i nprove process performance.
Surfactants have been proposed to increase the desorption rate of contam -
nants. Nutrient additive requirenments, typically presented as the carbon
ni trogen: phosphate ratio (C:N:P), are usually on the order of 100:20:5; how
ever, recent research indicates that increased ratios may increase contam nant
degradation rates. Mst contam nated soils contain native m croorgani sns
capabl e of degrading the target contaminants that sinply require stinmulation
by the addition of a Iimting chem cal species such as oxygen and/or nutri -
ents. Treatnent of sludges and soils which are devoid of native mcrobia
popul ations may require the addition of a mcrobial inoculum

(c) Residuals fromBSRs are the soil/water slurry that may require
separation (i.e., dewatering). The ampbunt of dewatering required will be
di ctated by di sposal plans for the treated soils. Aqueous solutions usually
do not contain organic constituents due to the ease of degradati on of the
contami nants in solution.

(d) Potential waste streans froma BSR are off-gasing of volatile com
pounds and heavy-netal s-contam nated soil/water slurries if the soil was al so
contam nated with heavy nmetals. Gas streans froma BSR can be either elini-
nated or reduced by use of pure oxygen or possibly an alternate electron
acceptor. Gas streans can also be treated using activated carbon canisters.

(3) Advant ages/di sadvant ages. The advantages and di sadvant ages of
BSRs are summarized in bel ow

Advant ages Di sadvant ages

Rapi d decont ani nati on of Fairly energy intensive.
cont ami nant s.
Capital costs can be high.
Nuner ous process variations which
al l ow for high degree of Q&M i nt ensi ve.
flexibility.
Requires soil excavati on.
Cont am nat ed of f-gasi ng can be

easily controlled for conplete May require soil dewatering.
elimnation of contamn nant
rel ease into the environment. Few full-scale inplementation

verification data avail abl e.
Hi gher contam nant concentrations
conpared to other soil biotreat-
ment technol ogi es can be treated
due to higher mcrobia
popul ati ons.

Process can be inplenented in a
variety of reactor systens.
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(4) Data requirenents. Principal data requirenments for design of BSRs
are determ ned t hrough bench scale studies due to the lack of enmpirically
based design formulas. The follow ng factors should be evaluated in a
properly planned bench study:

(a) Whether the target contam nants are best degraded under aerobic or
anaer obi c conditions.

(b) Benefits of co-netabolite addition.

(c) Benefits of surfactant addition.

(d) Optimum C:N: P ratios

(e) Potential for production of toxic chem cal internediates.

(f) Effect of addition of an exotic mcrobial inoculum

(g) Retention tine required to reach target contam nant |evels.

(h) Optinumsoil/water ratio.

(i) Potential for excessive foam ng.

(5) Design criteria. Since there are few design criteria due to the
[imted eval uati on and usage of this technol ogy, the follow ng design consid-

erati ons nust be addressed:

(a) Reactor volunme - Reactor volunme is dependent on soil retention
time and required process flow.

(b) Soil screening - Required for soils containing either |arge coarse
fractions or large debris that may damage the reactor

(¢) Mxing efficiency - High mxing efficiencies nust be supplied to
optim ze the degradation rate of the target conpound(s).

(d) Soil dewatering - May be required dependi ng on soil disposa
requirenents.

(e) Oxygen requirenents - Dependent upon the oxygen demands of the
system det ernmi ned during the bench study.

b. Conposting.

(1) Composting is a biological treatnent method which takes advant age
of the heat of reaction during netabolismof organic carbon to sustain rapid
deconposition. It is primarily used in treatnment of sludges. There are three
broad cl assifications of conposting systens in use today. They are:

(a) Wndrow system
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(b) Aerated static piles
(c¢) In-vessel, nmechanically agitated

(2) The windrow systemis the sinplest of the three and relies on
natural aeration or periodic mxing as a neans of supplying oxygen to the
system and reduci ng excessive heat buil dup. Specially designed w ndrow
form ng and turni ng machi nes have found application in |arge-scal e operations.

(3) Aerated static piles provide an increased |evel of process
control. Waste to be conposted is typically placed in piles on top of
channel s or piping through which air may be bl own or sucked through the piles.
In sinpler systens, a tiner is used to periodically aerate the pile, the cycle

of aeration is deternmined by trial. |In nore sophisticated systens,
tenmperature feedback control is utilized to aerate the piles, maintaining a
preset tenperature. In nost instances, tenperature control through aeration

provi des greater than the required oxygen for metabolism

(4) The third system the in-vessel, nechanically agitated system is
t he nost conplex of the three and provides the highest degree of process con-
trol. Various designs have been devel oped. All allow conposting in sone form
of vessel such as a tank, silo, or trench. Mechanical mxing of the conpost
t hrough direct agitation or indirect tunbling is performed. Sone systens
i ncorporate forced aeration capabilities. As with aerated static piles, tem
perature is typically the control variable. In-vessel, nmechanically agitated
systens can be operated on a continuous basis. Figure 4-20 provides an
exanpl e of the three types of systens.

(5) The primary objectives in sewage sludge treatnment with conposting
are pat hogen destruction, dewatering, and volune reduction. In some cases,
the final product can be marketed as an agricultural additive. Essentially,

t he high tenperatures achievable in conpost systens are sufficient for patho-
gen destruction. Typically, 3 days at a tenperature of 55 °C are required for
pat hogen destruction. Dewatering occurs as water in the conpost nass is evap-
orated at the increased tenperature. |In aerated systens, water |loss is even
greater due to the transport out of the conpost by the aeration stream

Vol ume reduction occurs as netabolismof the organic carbon wi th subsequent
dewat eri ng causes | oss in mass and breakdown of internal structure. Addition
of an anendnment (additional organic carbon, nutrients, or inoculant) as wel

as bul ki ng agents (wood chi ps, sawdust, hay, etc.) are often required to all ow
conposting. |In addition, water may be required as an additive during conpost-
ing to maintain active conditions.

c. Applications.

(1) Composting is being used extensively in treatnent of sewage sl udge
at munici pal waste treatnment plants. As optinmm water content in the conpost
falls between 40 and 60 percent, conposting usually does not involve a
dewatering step prior to the process.

(2) Composting has been applied to a linted extent to process waste
streans. Typically, it is nore anmenable to solid substrate treatnent.
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(3) Composting has recently been suggested for use in treatment of
hazardous solid wastes. These include contam nated soils and sediments as
wel | as hazardous solid waste from process industries.

d. Advant ages/Di sadvantages. The advantages/ di sadvant ages of
conposting are summari zed bel ow

Advant ages Di sadvant ages
No dewatering required Treatment | evels may be insufficient
Not energy intensive Qdors may present probl ens
Product may be agriculturally Vol ume i ncrease possi bl e based
benefi ci al on anendment requirenents
Low capital investnent for Operation requires experienced
simlar systens per sonne

Exi sting systens denpnstrate
reliability

e. Data Requirenents.

(1) Principal data requirenents for the design of a conpost system are
very much dependent on the type of operation, either sewage sludge treatnent,
muni ci pal / process waste treatnent, or hazardous waste treatment. The differ-
ence cones in the objectives to be obtained. Sone paraneters required for al
types incl ude:

(a) Throughput (for sizing).

(b) Nitrogen and phosphorus levels (as nutrients).

(c) Bulk density (determ nes need for bulking).

(d) Water capacity (determ nes water requirenents).

(e) Anbient tenmperatures (insulation).

(f) CNratio (anmendrment sel ection).

(2) For sewage sludge, the above should all ow design estinmates to be
made as the conpost nmust be maintained at 55 °C for 3 days. Dewatering and
vol une reduction of the conpost nass can then be eval uated as required.

(3) For nunicipal/process waste treatnment, sonething should be known
about the kinetics of the thernophilic degradation of the particular waste

stream Half-life estimates or rate expressions are used to determ ne |l ength
of time required at the controlled tenperature for conpletion
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(4) For hazardous waste treatnment, kinetics of degradation rmust also
be known for design. Contanminant availability in ternms of desorption
characteristics as well as solubility and vapor pressure becone inportant
paranmeters. |f the hazardous waste is volatile at conpost tenperatures, neans
to control fugitive em ssions nust be incorporated.

f. Design Criteria.

(1) Key design parameters for conposting include bulk density; carbon
to nitrogen ratio (C:Nratio); water content; pile formation and shape; and
m xi ng. Bulk densities of 1000 are considered optimum (this is for the com
posted material, bulking agent, and amendnment m xture). Carbon to nitrogen
ratios of 30 to 1 are considered opti mum Phosphorus |levels are al so inpor-
tant but are not felt to be as nmuch an inpact as nitrogen levels. A water
content of between 40 and 60 percent may be necessary for good conposti ng.
The mi xi ng of the compost matrix and subsequent formation into piles can play
a large role in the effectiveness of composting. Bringing the ingredients
into intimate contact within the solid matrix to allow nicrobial digestion
requires good mixing. Pile design incorporates requirenents for aeration and
tenmperature distribution.

(2) Experience plays a large role in conpost operations. Oten, |oca
reci pes are used to construct the conpost matrix based on experinmentation on
site. As conposting is typically a longer term process, upsets can often be
corrected before system performance degrades substantially.

(3) The pH of the conmpost material may play a role in operations, how
ever; conflicting reports in the literature concerning the inpact of changes
in pH make prediction of the effect difficult. Wthin a range of 6 to 8 there
appears to be no problemw th pH CQutside this range site-w se determ nations
woul d I'ikely have to be nade.

(4) The finished conmpost may have val ue as an agricul tural anendnent.
Level s of hazardous chem cals and elements play a key role in the fina
conpost products disposal options or retail value.

(5) Selection of the type of system between wi ndrows, static piles,
and in-vessel mechanically agitated systens is dependent on many factors. The
capital costs increase dramatically fromthe windrow to the nmechanically
agitated, in-vessel system |If levels of control are not necessary (including
odor control and tenperature) then a w ndrow system woul d be applicable. The
capital cost of the nechanical system should be carefully wei ghed agai nst the
need for this level of process control. |Insufficient data on increased
reaction rates in these systenms make selection difficult. |[If possible, pilot
scal e tests of the wastes to be conposted shoul d be conducted prior to select-
ing this form of conposting system

(6) Mbdst conpost systens do not require a | arge ampbunt of specialized
equi prent. The backhoe and shovel appear as the npst frequent equi pment item
necessary to conduct operations. Solids handling equi pnent to include con-
veyors are often used to increase throughput.
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4-19. Encapsul ation.

a. Process Description.

(1) Encapsulation is the process by which hazardous wastes are physi-
cally enclosed by a synthetic encasenent to facilitate environnentally sound
transport, storage, and disposal of the wastes. As a renedial action, encap-
sulation nay be used to seal particularly toxic or corrosive hazardous wastes
t hat have been renpved from di sposal sites. Encapsulation processes can be
divided into two categories- -thernoplastic mcroencapsul ation, and
macr oencapsul ation (jacketing systens).

(2) Thernopl astic m croencapsul ati on has been successfully enployed in
nucl ear waste di sposal and can be adapted to special hazardous wastes. The
technique for isolating the waste involves drying and di spersing the nmateria
t hrough a heated, plastic matrix. The mixture is then permitted to cool to
forma rigid but defornable solid. |In nost cases it is necessary to use a
contai ner such as a fiber or nmetal drumto give the material a convenient
shape for transport. The nost common nedi um for waste incorporation is
asphalt; but other materials such as pol yethyl ene, pol ypropyl ene, wax, or
el enental sul fur have been tried.

(3) Macroencapsul ati on systems contain potential pollutants by bondi ng
an inert coating or jacket around a mass of cenented waste. This type of
waste stabilization is unusual because the jacket or coating of the outside of
the waste block is primarily responsible for isolating the waste fromits
surroundi ngs.

b. Applications.

(1) Waste types that may require encapsul ation include the follow ng:

(a) Solid hazardous wastes in bulk or particulate form(e.g., severely
cont am nat ed sedi nents).

(b) Dewatered hazardous sl udges.

(c) Containerized hazardous wastes (solids, sludge, or liquid) in
damaged or corroded druns.

(d) Hazardous wastes which have been stabilized through
solidification/cenentation.

(2) TRWSystens Group has successfully devel oped bench-scal e processes
to aggl omerate and encapsul ate toxic and corrosive heavy netal sludges and
sol ubl e heavy netal salts, and to encapsul ate containerized wastes. The
aggl omer ati on/ encapsul ati on process involves mxing dried sludges (containing
such hazardous heavy nmetals as arsenic, |ead, nercury, selenium beryllium
cadmi um zinc, and chromum) with a binder resin (nodified 1, 2-pol ybutadi ene)
and thernposetting the mxture in a special nold, while applying noderate
mechani cal pressure. The agglonerated material is a hard, tough, solid block
Encapsul ati ng the waste/bi nder agglonerate with a 1/4-inch seam ess jacket of
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hi gh density pol yet hyl ene (HDPE) is acconplished by packi ng powdered pol yet h-
yl ene around the block and then fusing the powder in situ with a second net al
sl eeve mold. A schematic diagram of the apparatus used to encapsul ate the
aggl omerate is shown in Figure 4-21. A commerci al -scal e encapsul ate produced
by this nethod is expected to be a solid cube, 2 feet on edge, weighing 800 to
1,000 pounds. It would require approximately 8 percent (by weight) of poly-
but adi ene resin for its fabrication. Additional jacket sizes will be avail-
able in the future.

(3) The second TRW macroencapsul ati on process is designed to encl ose
and seal waste containers such as 55-gallon drums (subject to corrosion
rupture, |eaks, and spills) using the same basic nold and fusion apparatus.
To provide | oad-bearing ability, a 1/8-inch-thick interior casing of fiber-
glass is used to reinforce the 1/4-inch-thick HDPE jacket that encapsul ates
the container. A comrercial-scale, fiberglass-reinforced HDPE encapsul ate is
envi sioned to provide up to 284 ¢ (75 gallons) of capacity. The cylindrica
jacket and casing would conprise about 5.3 percent (by volune) of the tota
encapsul ate volunme. Commercially, 7 mm (1/4-inch-thick) HDPE jackets can be
fabricated in 30 seconds.

(4) Comprehensive | aboratory testing of bench-scal e encapsul ates has
denonstrated their ability to withstand severe mechani cal stresses and biol og-
i cal and chem cal degradation. Encapsul ates containing wastes of various
solubility were exposed to | eaching solutions of various corrosivity; results
i ndi cate that the encapsul ated wastes were conpletely isolated from and
resistant to, simulated disposal environment stresses. The encapsul ates were
al so found extrenely resistant to nmechanical deformation and rupture. They
exhi bit high conpressive strength and outstanding ability to withstand inpact,
puncture, and freeze-thaw stresses.

c. Advant ages/Di sadvant ages. The maj or advantage of encapsul ation
processes is that the waste material is conpletely isolated from | eaching
solutions, and sol ubl e hazardous materials such as heavy netal ions and toxic
salts can be successfully encapsul ated. The inpervious HDPE jacket elimnates
all leaching into contacting water (which may infiltrate or flow over disposa
sites) and effectively contains hazardous waste substances that mnight other-
wise mgrate offsite. The advantages and di sadvant ages of encapsul ati on
processes are as foll ows:

Advant ages Di sadvant ages

Cubic and cylindrical encapsul ates Bi ndi ng resins required for
all ow for efficient space aggl omer ati on/ encapsul ati on (poly-

utilization during transport, but adi ene) are expensive

storage, and di sposa
Requires | arge expenditures of

Hazard of accidental spills during energy in fusing the binder and
transport is elimnated form ng the jacket
(Conti nued)
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Advant ages Di sadvant ages
HDPE is low in cost, comrercially Requires large capital investnents
avai |l abl e, very stable chenically, i n equi pment
nonbi odegr adabl e, nechanically
tough, and flexible Skilled labor is required to operate
nol di ng and fusing equi prent
Encapsul ated waste materials can
wi t hstand t he nechani cal and Dryi ng/ dewat eri ng of
chemical stresses of a w de noncont ai neri zed waste sludges is
range of disposal schenmes (e.g., requi red for aggl oneration/
landfill, ocean disposal) encapsul ati on

Process has yet to be applied on a
commerci al scal e under actua
field conditions

d. Data Requirenments. Data requirenents are sinlar to those required
for solidification/stabilization described in paragraph 4-21

e. Design Criteria.

(1) It is inportant to enphasize that encapsul ati on techni ques have
only recently advanced fromthe devel opmental and testing stages, and no | arge
conmer ci al -scal e encapsul ation facilities have been desi gned and operated as
yet. It is likely that, as a renedial action, encapsulation will not be an
econom cally feasible alternative conpared to other direct waste treatnent
met hods. However, a central solidification/encapsulating waste processing
facility may be technically and economi cally feasible as a predi sposal opera-
tion at hazardous waste storage and disposal facilities in the near future.

(2) The fabrication of comercial -scal e encapsul ates of containerized
wast es under actual field conditions would require an encapsul ation unit that
is readily transportable to the storage or disposal site where containerized
wastes reside. \Where containerized wastes are of volumes smaller than the
desi gn capacity of the encapsulation unit, sand or soil may be used to fil
voi ds between the contai ner and encapsulate walls. Were very |arge vol une
wast e containers require encapsul ation (greater than 208 ¢ (55 gallons)), it
may be necessary to install conpaction operations at the site.

4-20. Low Tenperature Thernal Desorption.

a. Process Description.

(1) Low tenperature thermal treatment is a process of heating contam -
nated soil only enough to vaporize volatile organic conpounds (VOCs). The
gases enitted fromthe soil are then treated by a subsequent unit operation
The process described here as an exanple (Patent No. 4,738,206) uses indirect
heat to separate the VOCs fromthe soil and incineration to destroy the VOCs
in the gas phase. Maxinmum soil tenperature for this process is 150 °C. The
process was devel oped by the U.S. Army Environnental Center to treat soils at
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mlitary installations contami nated with trichloroethyl ene, dichloroethylene,
tetrachl oroet hyl ene, xyl ene, and other components of solvents and petrol eum
fuels.

(2) The thermal processor for this systemis a Holo-Flite screw con-
veyor heated by Dowt herm HT hot oil circulating through the shaft, bl ades, and
jacket of the conveyor. A schematic diagramof the systemis illustrated in
Figure 4-22. Larger scale nodels nmay include two thermal processors operated
in series with the first processor nounted on top of the second. Maxinmum
temperature for the oil is 350 °C

Hot Oil
Resaervoir

-

Alr Containing
Stripped VOC's ~——1

Combustion Air
Blower

\ Qil Heating Ve

System Air in Air
Preheater

Figure 4-22. Schematic Diagram of a Low Temperature
Thermal Treatment System

(3) The vapor stream fromthe thernmal processor consists of the
contam nants being renmoved, water vapor fromthe soil, and exhaust gases from
the hot oil heater. This streamexits at approximately 150 °C (maxi mun) and
flows through a fabric filter, condenser, afterburner, and caustic scrubber
system The fabric filter renmoves particulate carried over fromthe
processor. The vapor streamthen passes through an air-cool ed condenser which
reduces the tenperature to approxi mately 52 °C. Water and organi cs condensed
reduce the | oad on the afterburner. The afterburner is a gas-fired, vertical
fume incinerator operating at 980 °C. The afterburner is operated at a
m ni mum of 3 percent excess oxygen. Exhaust fromthe afterburner is quenched
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to approximately 80 °C. It then passes through a packed bed absorber where
acid gases produced in the afterburner are neutralized with a caustic
sol uti on.

(4) Aliquid streamis produced by the condenser which is water rich
but does contain some hydrocarbons. The aqueous phase is separated fromthe
organi ¢ phase in an oil-water separator. The aqueous phase is processed
through a water treatment system consisting of fabric filters foll owed by
granul ar activated carbon. This water is then used as makeup water for the
scrubber and for dust control on processed soil. The organic phase fromthe
separator may be either drumred for off-site disposal or injected into the
af terburner.

(5) A system capable of processing 10 netric tons of soil per hour is
nobil e and can be transported to a site and assenbled. Uilities required for
operation are propane or natural gas, electricity, and process water.

Di scharges fromthe systeminclude the scrubber stack exhaust, the processed
soil, the granular activated carbon, and filter cake, and the organic phase
fromthe water separator. Operation requires eight persons for continuous
operation, including a site nanager and an instrunentation technician.

b. Applications. Low tenperature thermal treatment is capable of rene-
diating soils contaminated with volatile and senmivolatile compounds. Greater
than 99 percent renoval from soils has been denonstrated for trichloro-
et hyl ene, dichl oroethyl ene, and tetrachl oroethyl ene, 1, 2-dichl orobenzene,

I, 3-di chl orobenzene, |, 4-dichl orobenzene, toluene, naphthal ene, and xyl ene.
It has potential for application to a nunber of other volatile and senivol a-
tile organic contamnants in soil

c. Advantages and Di sadvantages. Advantages of |ow tenperature thernal
treatment are summuarized bel ow

Advant ages Di sadvant ages
Fully mobile systemfor on-site Limted applicability to higher
t r eat ment boi Il i ng point organi ¢ conmpounds

such as PCBs
I ndi rect heating provides greater

thermal efficiency and reduced I ncreased noi sture content of soi
em ssion control requirenments i ncreases costs
Afterburner destroys contam nants Particle size reduction and debris

renoval may be required

d. Data Requirements. Design experience for application of this
process to a wi de range of soil types and contanmi nants is |limted because of
its recent devel opnent. Laboratory testing to deternine optinmumtenperatures
and retention tinmes for the thermal processor should be conducted to devel op
the process design for the system |Inportant soil characteristics are grain
size, noisture content, and contami nant concentrations.
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4-21. Solidification/Stabilization.

a. Process Description.

(1) Solidification/stabilization technology as applied to wastes uses
physi cal and chem cal processes to produce chemically stable solids with
i mproved cont ani nant contai nnent and handl i ng characteristics (Figure 4-23).
Waste solidification is the termused to describe the process of sorbing a
liquid or semliquid waste onto a solid medium such as fly ash, cenment, kiln
dust, or clay, or otherwi se incorporating the waste in a solid matrix. This
partial treatnent elininates any free liquid and reduces the risk of spillage
or escape of contami nants in any |iquid phase.

(2) Solidification may involve the addition of cementing agents so
that the solid material (with the sorbed liquid) can be formed into a free-
standi ng i nperneabl e nmonolith. This part of the waste treatnment process
reduces the surface area across which transfer or |oss of pollutants can
occur. Stabilization of waste refers to chemical alteration of the waste so
as to reduce the potential for escape of contam nants or to lower the toxicity
of specific waste conponents. Both solidification and chenical stabilization
result in transformation of liquid or sem solid wastes to an environnental |y
safer form For exanmple, nmetal-rich sludge would be considered solidified if
it were mxed with a dry absorber such as fly ash or dry soil. The benefits
of solidification could be carried further if the sorbent and waste were
cenented into a perneable, nmonolithic block. The waste would be consi dered
chemically stabilized if the chem cal conposition of the sludge were altered
by the addition of Ilinme (Ca(OH),) to raise the pH so that the potentia
contam nants (toxic netals) were | ess soluble and hence | ess easily |eached.
An absorbi ng nedium can be formulated to take up free liquid and maintain
conditions of lowered solubility for the potential contam nants. Cenenting
agents (organic polyners, pozzolanic materials, or portland cenment) can be
added to bind the stable, solid waste into a free-standing, relatively
i mperneabl e nmonolith that represents a substantially reduced environnent al
threat.

(3) Waste solidification/stabilization systens that have potentially
useful application in remedial action activities discussed in this paragraph
are: sorption, line-fly ash pozzol an, and pozzol an-portland cenent systens.
Encapsul ati on processes such as thernoplastic mcroencapsul ati on and nmacr oen-
capsul ati on were addressed in paragraph 4-19.

(a) Sorption. Mst waste materials considered for solidification/
stabilization are liquids or sludges (semsolids). |In order to prevent the
| oss of drainable liquid and i nprove the handling characteristics of the
waste, a dry, solid sorbent is generally added to the waste. The sorbent may
interact chemically with waste or nay sinply be wetted by the liquid part of
the waste (usually water) and retain the liquid as part of the capillary
liquid. The nbpst compn sorbents used with waste include soil and waste
products such as bottom ash, fly ash, or kiln dust from cement manufacture.
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STABILIZATION

TREATMENT TO REDUCE
SOLUBILITY

L1QuUID

—rw] —— EX. pH ADJUSTMENT,CHEMICAL
OXIDATION,OR REDUCTION

SOLIDIFICATION

SORBTION TO PRODUCE
A SOLID WITH NO

FREE L1QUID MIXING WITH FLY ASH
OR CLAY SORBENTS
—— EX. ADDITION OF PORTLAND
FORMATION OF CEMENT
MONOLITH WITH (MAY BE ADDED ALONG
REDUCED SURFACE WITH SORBENTS)
AREA

Figure 4-23. Steps in Stabilization/Solidification of
Hazardous Wastes

In general, selection of sorbent materials involves tradeoffs between chem ca
ef fects, costs, and ampunts required to produce a solid product suitable for
burial. Table 4-18 summarizes chenical binding properties of natural sorbents
for selected waste | each liquids. Were the ability of a sorbent to bind
particul ar contam nants is inportant to contai nnent, sorbents with specific
chemical affinities can be selected. The pH of the waste strongly affects
sorption/waste interactions, and pH control is an inportant part of any
sorption process.
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Tabl e 4-18

Cont am nants from Li quid Phases

. Natural

Sorbents and their Capacity for

of Neutral, Basic,

Renpval
and Aci di c Wastes

of Specific

Cont am _nant

Neutral waste
(cal cium fluoride)

Ca

Zn

N

Total CN

Zeolite (5054)*
Kaolinite (857)
Zeolite (8.2)
Kaolinite (6.7)
Acidic F. A ** (2.1)
Basic F. A (155)
Ilite (175)
Kaolinite (132)
Acidic F. A (102)
Acidic F. A (690)
Ilite (180)

Basi ¢ waste (netal
finishing sludge)

Aci di c waste
(petrol eum sl udge)

Ilite (1280)
Zeolite (1240)
Kaolinite (733)
Zeolite (85)
Kaolinite (24)
Acidic F. A (13)
Zeolite (1328)
I1lite (1122)
Basic F. A (176)
Zeolite (13.5)
Ilite (5.1)
Acidic F. A (3.8)
Kaolinite (2.6)
Ilite (2.2)
Ilite (1744)
Acidic F. A (1080)

Vermiculite (244)

Zeolite (1390)
Ilite (721)
Kaolinite (10.5)
Zeolite (5.2)
Acidic F. A (2.4)
Kaolinite (0)
Zeolite (746)
I1lite (110)
Basic F. A (1.7)
Zeolite (10.8)
Vermiculite (4.5)
Basic F. A (1.7)
Ilite (9.3)
Acidic F. A (8.7)
Kaolinite (3.5)
I1lite (12.1)

Vermiculite (7.6)
Acidic F. A (2.7)

Vermiculite (6654)
Ilite (4807)
Acidic F. A (3818)

* Val ues represent sorbent capacity in nicrograns of contani nant

gram of s
> F A =

or bent used.
fly ash.

Acidic F. A

= Class F; Basic F. A

4-90
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(b) Lime-fly ash pozzolan. Solidification/stabilization of waste
using |linme and pozzolanic material requires that the waste be mxed with a
carefully selected, reactive fly ash (or other pozzolanic material) to a pasty
consi stency. Lime (calciumhydroxide) is blended into the waste-fly ash
m xture. Typically 20 to 30 percent |line is needed to produce a strong
pozzolan. The resulting noist material is packed or conpressed into a nold to
cure or is placed in the landfill and conpact ed.

(c) Pozzolan-portland cement. There are a wide variety of treatnent
processes that incorporate portland cement as a binding agent. Pozzolanic
products (materials with fine-grained, noncrystalline, reactive silica) are
frequently added to portland cement to react with any free cal ci um hydroxi de
and thus inprove the strength and chemical resistance of the concrete-like
product. In waste solidification, the pozzolanic materials (such as fly ash)
are often used as sorbents. Mich of the pozzolan in waste processing may be
waste coated and relatively unreactive. Any reaction that does occur between
the portland cement and free silica fromthe pozzol an adds to the product
strength and durability. WAste solidifying formulations based on portland and
pozzol an-portland systens vary widely, and a variety of materials have been
added to change performance characteristics. These include soluble silicates,
hydrated silica gels, and clays such as, bentonite, illite, or attapulgite.
Approxi mate reagent requirenents for some exanple applications are given in
Tabl e 4-19.

Tabl e 4-19. Approxi mat e Reagent Requirements for Various Waste Types
Using a Portland Cerment/Fly Ash Solidification?

Ki | ograms of reagent

WAst e per liter of waste
Spent brine 3.8
Met al hydr oxi de 2.4
sl udge
Copper pickle 1.9

i quor sludge

Fed , pi ckl e 3.5
liquor sludge (1.5 percent HC)

Sul furic acid 3.8
pl ati ng waste
(15 percent (H,SO)

Oly netal 0. 96
sl udge

IAfter Stanczyk, Senefelder, and C arke (1982). The proportion of portland
cenent to fly ash was not given.
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b. Applications.

(1) Most large, hazardous waste landfills are currently enploying
sorption to satisfy requirenents prohibiting burial of liquids. N neteen
mllion liters (five mllion gallons) of oil sludge froma forner refinery
site was landfilled onsite after treatnent with cement kiln dust. The process
required 3.71 x 107 kg (40,939 tons) of kiln dust.

(2) Lime-fly ash solidification/stabilization systens have been
successfully used in managi ng hazardous waste, but generally the contai nnment
performance is such that a hazardous waste after processing would still be
cl assed as hazardous. Line-fly-ash-pozzol an-based |andfills have been estab-
lished using Iiner and nonitoring systens to ensure safe disposal. There have
been cases where | ead wastes were judged nonhazardous after treatnent, but in
nost cases a pozzolan-treated waste is not delisted.

(3) Pozzol an-portl and-cenent -based systens are anong the nopst versa-
tile. They can neutralize and seal acids and can handl e strong oxidizers such
as chlorates and nitrates. These nmethods are al so good for solidifying many
toxic netals, since at the pH of the cenment (pH 9-11), many netals are
i nsol ubl e carbonates and hydr oxi des.

c. Advant ages/ Di sadvant ages.

(1) Sorption has been widely used to elinmnate free water and inprove
handl i ng. Sone sorbents have been enployed to Iimt the escape of volatile
organi ¢ conpounds. Sorbents may al so be useful in waste containnment when they
nodi fy the chemnical environment and nmaintain the pH and redox potential to
[imt the solubility of the waste. Although sorption elimnates the bulk flow
of wastes fromthe site, in nany cases | eaching of waste constituents fromthe
sorbent can be a significant source of pollution.

(2) The nmmjor advantages of the Iline-fly ash solidification/
stabilization technique include the ready availability and | ow cost of nate-
rials, and the famliarity of commonly used equi pnent. A disadvantage is that
the solid mass resulting fromline-based solidification is porous. As such
it must either be sealed or placed in a secure landfill to prevent |eaching of
cont ai ned wastes. Another mmjor disadvantage is that sludge or wastes con-
tai ning organi cs cannot be treated.

(3) Provided pozzol an-portland cenment based systems are used on
conpati bl e wastes, the short-termeffectiveness can be expected to be quite
good. The equi pment for cement mxing is commonpl ace and the process is quite
tol erant of chemical variations. However, because cenent is a porous solid,
cont ani nants can be | eached out of the matrix over time and, therefore, these
systens are usually not effective for organic wastes. Although it is possible
to seal the outside of a block of cement-solidified wastes using styrene,
vinyl, or asphalt to prevent |eaching, no commercial systens are available to
do this.

d. Data Requirements. The principal data requirenments for
solidification/stabilization techniques include:

4-92
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(1) Waste characteristics (binding agent sel ection).
(a) pH

(b) Buffer capacity.

(c) \Water content.

(d) Total organic carbon.

(e) Inorganic and organic constituents.

(2) Treatability tests (cure tine, mXx)

(a) Leachability.

(b) Strength.

e. Design Criteria. The key design paraneters for solidification/
stabilization techniques include:

(1) Solidification mxing ratios.
(2) Curing tine.
(3) Volune increase of solidified product.

f. Evaluation. The evaluation of these factors is dependent on the
solidification technol ogy and the specific waste being treated.

4-22. Thermal Destruction.

a. Process Description. Incineration conbusts or oxidizes organic
material at very high tenmperatures. The end products of conplete incineration
are CO, HO SO, NO, and HC gases. Emi ssion control equipnment (scrubbers,
el ectrostatic precipitators) for particulates, S NQ, and products of
i nconpl ete oxidation are needed to control em ssions of regulated air pollu-
tants. Common types of incinerators nost applicable to hazardous waste
i ncl ude:

(1) Rotary kilns.
(2) Miltiple hearth.
(3) Fluidized bed.
(4) Liquid injection.

The key features of incineration nmethods cited previously are sumrarized in
Tabl e 4-20.
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b. Applications.
(1) Incineration is used for reduction of sludge volume, thereby
reduci ng |l and requirenments for disposal. Incineration can also be used to

destroy nost organi c wastes whet her they be gas, liquid, or solid.

(2) Mobile incineration systens have been considered for onsite treat-
ment at hazardous waste sites. The EPA*s O fice of Research and Devel oprent
has conpl eted construction and is in the testing phase of a nobile incinera-
tion system The system was designed to EPA*s PCB destruction specifications
to provide state-of-the-art thernmal detoxification of |long-lived, refractory
organi ¢ conpounds, as well as debris from cl eanup operations. Hazardous
subst ances that could be incinerated include conmpounds containing chlorine and
phosphorous--for exanple, PCB*s, kepone, dioxins, and organophosphate pesti -
cides, which may be in pure form in sludges, or in soils. A typical nobile
incinerator is illustrated in Figure 4-24.

c. Advant ages/Di sadvantages. The advantages and di sadvant ages of
hazardous waste treatment with incineration are summari zed bel ow

Advant ages Di sadvant ages
Can destroy a wi de range of organic Thi ckeni ng and dewat eri ng
wast es pretreatnent nay be required
Can handl e gaseous, liquid, and May not be econom cal for small
solid wastes pl ants

Air pollution control measures are
required

d. Data Requirements. The principal data requirements for the design
of an incineration systemare

(1) Waste constituents and characteristics.

(a) Mbdisture content.

(b) Volatile materials content.

(c) Ash content.

(d) Ash specific level, specific gravity, or bulk density.
(e) Ash particle size range

(f) Carbon, hydrogen, oxygen, halide, sulfur, nitrogen, phosphorus
content.

(g) Waste specific gravity, viscosity, and nmelting point.
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(h) Metal content.

(i) Thernogravinmetric anal ysis.

(j) Suspended and dissol ved solids.

(k) Reactive chenical groups.

(1) Flammbility, stability, detonation

(m Environmental sensitivity.

(n) Toxicity.

(2) Process characterization.

(a) Residence tine.

(b) Temperature.

(c) Destruction efficiencies.

(d) Ash residue.

(e) Gaseous effluent.

e. Design Criteria. The design criteria for a fluidized bed furnace
(FBF) and a multiple hearth furnace (MHF) are presented in Tables 4-21 and 4-
22, respectively. During actual operations sone extensive nmaintenance
probl ems have occurred with air preheaters. Venture scrubbers have al so had
scaling problens. Screw feeds and screw punp feeds are both subject to
jamm ng because of either overdrying of the sludge feed at the incinerator or
because of silt carried into the feed systemw th the sludge. Fluidized bed
furnace systens have had problens with the burnout of spray nozzles or therno-

couples in the bed.
Table 4-21. Design Criteria for Fluidized Bed Furnace

Par anet er Design criteria

Bed | oading rate 245 to 294 kg/n¥/ hr (50 to 60 I b wet solids/
ft2 hr)

Superficial bed velocity 0.12 to 0.18 m's (0.4 to 0.6 ft/sec)

Sand effective size 0.2 to 0.3 mMm (uniformty coefficient = 1.8)

Operating tenperature 760 to 816 °C (1,400 to 1,500 °F) (normal);
1204 °C (2,200 °F (maxinmun))

Bed expansi on 80 to 100 percent

Sand | oss 5 percent of bed volume per 300 hr of operation
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Table 4-22. Design Criteria for Miultiple Hearth Furnace

Par anet er Design criteria

Maxi mum operating tenperature 927 °C (1,700 °F)

Hearth | oading rate 29.4 to 49 kg/n¥/hr ((6 to 10 I b wet solids/
ft2/hr) with a dry solids concentration of
20- 40 percent

Conbustion airfl ow 12 to 13 kg/kg dry (12 to 13 Ib/lb dry
sol i ds

Shaft cooling airfl ow 1/3 to %% of conbustion airflow

Excess air 75 to 100 percent

4-23. Vol unme Reducti on.

a. Process Descri ption.

(1) Volume reduction as applied to sludges can be termed as thickening
or dewatering processes. Thickening of sludge consists of the removal of
supernatant, thereby reducing the volune of sludge that will require disposa
or treatment. Gravity thickening takes advantage of the difference in spe-
cific gravity between the solids and water.

(2) Centrifuges are used to dewater sludges using centrifugal force to
i ncrease the sedinmentation rate of sludge solids. During the process of cen-
trifugation, if a particle is nore dense than the fluid, it will tend to
mgrate in the direction of the centrifugal force, i.e., toward the periphery
of the rotating vessel containing the fluid. |If the particle is |ess dense
than the fluid, there will be a tendency for the particle to remain near the
center of rotation and the fluid to nigrate toward the periphery of the
vessel. Either way, particles that were uniformy dispersed throughout the
fluid prior to centrifugation would now be concentrated in a specific region
of the centrifuge where they can be renoved as a nore concentrated nixture.
In centrifugation, the centrifugal force is anal ogous to gravitational force
in the sedimentation process. In centrifugation, however, forces equal to
several thousand tines the force of gravity are often generated.

(3) Volunme reduction will frequently be required to nmeet regul atory
restraints as applied to disposal of hazardous waste. Disposal costs can be
reduced t hrough the use of volune reduction techni ques by elininating nonhaz-
ardous free liquids froma waste. Before a hazardous waste can be di sposed of

at a chenmical waste landfill, it nust be solidified. Typically the
solidification process will add to the total weight and volume and therefore
the di sposal costs. |If the sane waste can be separated into a reduced vol une

of hazardous solid waste and a nonhazardous |iquid waste, disposal costs can
be | owered significantly.
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b. Applications. Dewatering and thickening processes have been used
primarily to thicken primary, secondary, and digested sludges. Centrifuges
may be used for thickening sludges where space limtations or sludge charac-
teristics make other methods unsuitable. However, if a particular sludge can
be effectively thickened by gravity wi thout chenicals, centrifuge thickening
is not economically feasible. Centrifuges are generally used for dewatering
sludge in larger applications where sludge incineration is required.

C. Advant ages/ Di sadvantages. Gravity thickening is highly dependent
on the dewaterability of the sludges being treated while centrifuga
t hi ckeni ng processes can have significant maintenance and power costs.
Adequat e el ectric power nust also be provided for the large notors that are
required. Depending on the waste, the liquid fraction after centrifugation

may be consi dered hazardous al so and require proper disposal. Typically the
liquid fraction will be relatively high in suspended nonsettling solids.
d. Data Requirenents. The data requirenents for gravity thickening or

centrifugation include:
(1) The waste streamdaily fl ow.
(2) Settling velocity.
(3) Size distribution.
(4) Solids specific gravity.
(5) Liquid specific gravity.

e. Design Criteria.

(1) For gravity thickeners detention times of 1 to 3 days are used,
sl udge bl ankets of at l|east 3 feet are common, side water depths of at |east
10 feet are a general practice, and surface |oading rates can range from5 to
25 pounds per day per square foot depending on the sludge type and pretreat-
ment used.

(2) Each installation of a centrifuge is site specific and dependent
upon a manufacturer*s product line. Maximm capacities of about 9.1 x 10* kg
(100 tons per hour) of dry solids are available in solid-bow units with
di ameters up to 1.4 m (54 inches) and power requirenents up to 130 KW (175
horsepower). Disk-type units are available with capacities up to 1.5 ¥/ mn
(400 gall ons per mnute) of concentrate.

4-24. \Wet Oxi dation.

a. Process Descri ption.

(1) Wet air oxidation (WAO) is truly an oxidation process. Therno-
dynam cally, it is simlar to chem cal oxidation and incineration
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(2) The waste is punped into the system by the high-pressure punp and
mxed with air fromthe air conpressor. The m xture passes through a heat
exchanger and then into the reactor where oxygen in the air reacts with
organic matter in the waste. This oxidation is acconpanied by a tenperature
rise. The gas and |iquid phases are separated after the reactor, and the
liquid passes through the heat exchanger heating the incoming material. The
gas and liquid streans are discharged fromthe systemthrough control val ves.

(3) As would be expected, the operating tenperature is critical
Organic nol ecul es are excited thermally (as opposed to UV light) to a | eve
where a hi gh percentage undergo an oxidi zati on reaction. As expected, various
materials require different energy levels for a significant reaction rate to
take place. Figure 4-25 shows the rel ationship between tenperature and degree
of oxidation for several different materials. At 150 °C, 5 to 10 percent of
the COD may be oxidi zed, whereas at 320 °C, nearly conpl ete oxidation occurs
for many substances.

GAS
WASTE
1
t
g |
SEPARATOR
-
STORAGE ;
TANK i
|
|
AlR OXIDIZED : REACTOR
LIQUID ]
i
AIR i Y
§ COMPRESSOR j
C— -
PUMP HEAT EXCHANGER

Figure 4-25. Flow Sheet of Wet Air Oxidation

b. Applications.

(1) WAO conditions can be controlled to achieve a desired end product
by controlling the tenperature and the reaction tinme. Wth increased tenpera-
ture, the degree of oxidation increases as shown in Figure 4-26. As the
oxi dation condition beconmes nore severe, nore of the nonbi odegradabl e conpo-
nents of the waste are converted to bi odegradable forms. WAO nmay be used as a
treatment to detoxify a waste before biological treatnent. This technique has
been used to treat acrylonitrile wastewaters that are highly concentrated in
cyanide and organic nitrites.

4-100
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Figure 4-26. Oxidation Curves for Five Aqueous Fuels

(2) WAO may be well suited for treating hazardous waste. Recent
studi es have focused upon some of the 65 priority pollutants originally
proposed by the EPA. Results are shown in Table 4-23. It should be observed
that operating conditions were fairly stringent (275 to 320 °Cand 6200 to
12,400 KPa (900 to 1800 pounds per square inch) atnmosphere (psia)). However
renoval percentages are inpressive. It is not clear if these reductions
represent a conversion to CO or sinply a nodification to the original nole-
cule. It should be noted that nost of the materials in Table 4-23 are aro-
mati c derivatives. In nmany cases, the toxicity of aromatics is greatly
reduced by sinply opening the ring structure of the nolecules. This would
require only fractional oxidation.

cC. Advant ages/ Di sadvant ages.

(1) WAO is an exciting oxidative process that appears to have w de
application along with versatility and flexibility. Al nost any conbustible
material s, organic or inorganic, can be treated by WAO. The question of
econom cs affects selection of this process since it is energy intensive.

(2) Typically WAO should be considered as a step in the overall waste
treatment process. It is rarely used as the total treatnent. WAO may not be
reasonabl e for waste containing |less than 2,000 nmilligranms per liter COD
Dependi ng upon capital and the nature and treatability of the waste, it may be
desirable to treat by another nethod or to concentrate to reduce the vol une
prior to WAO treatnent.
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Tabl e 4-23. Exanpl es of One-Hour Oxidation of Sel ected Compounds

% Starting material destroyed

Starting 275°C *
Conpound Concentration (g/0) 320°C 275°C Cu*

Acenapht hene 7.0 99. 96 99. 99 -
Acrol ein 8.41 99. 96 99. 05 -
Acrylonitrile 8. 06 99.91 99. 00 99. 50
2- Chl or ophenol 12. 41 99. 86 94. 96 99. 88
2, 4- Di et hyl phenol 8.22 99. 99 99. 99 -
2,4-Dinitrotol uene 10.0 99. 88 99.74 -
|, 2- Di phenyl hydr azi ne 5.0 99.98 99.98 -
4-Ni t rophenol 10. 00 99. 96 99. 60 -
Pent achl or ophenol 5.0 99. 88 81.96 97. 30
Phenol 10.0 99. 97 99. 77 -

* Cupric sulfate was added as a catal yst.

(3) Primary other advantages and di sadvantages are summari zed bel ow

Advant ages Di sadvant ages
May be controlled to deliver a Requi res operation at high pressure and
speci fic degree of oxidation t emper at ur es
Can be used to detoxify toxic Corrosive inorganics can be a problem
materi al s at high tenperatures
No net heating requirement if Initial capital costs are high

the COD is >15,000 ng/¢
Primarily suited for pretreatnment as
reductions of 10 to 15% are typica

d. Data Requirenents. 1In general, bench scale and/or pilot scale
testing will be required for design. The follow ng paraneters should be
det er ni ned:

(1) COD of wastes.

(2) TDS of wastes.

(3) Operating tenperature.
(4) Retention tinme.

(5) Degree of stabilization

(6) Degree of detoxification.
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e. Design Criteria.

(1) Due to the critical nature of the tenperature, the operating system
becormes a prine design paraneter. Not only will the systemrequire specific
design for a specified operating pressure but also the conpressor system nust
be capabl e of delivering air or oxygen at the maxi num operating pressure
expected in the system Table 4-24 presents data on the tenperature-pressure
rel ati onship of steam

Table 4-24. Tenperature/ Pressure Relationship of Saturated Steam

Pressure Tenperat ure Tenperat ure

(psi a) KPa (°0 °(F)
100 689 212 14.7
125 861 257 34
150 1034 302 69
175 1206 347 130
200 1378 392 226
225 1550 437 371
250 1722 482 577
275 1895 527 863
300 2067 572 1248
325 2239 617 1762

(2) As a general rule, the maxi mum operating tenperature will be about

200 °C. Higher tenperatures may be reached but at the expense of a |large
i ncrease in pressure.

(3) If the COD of the waste is |less than 15,000 mlligrans per liter

consi deration should be given to concentrating the waste stream prior to WAO
treat nent.

4-25. Evaporation.

a. Backgr ound.

(1) Evaporation is a technique used for many years in the process

industry. It is also used in waste treatment applications. |n concept, evap-
oration is no nmore conplicated than placing a pot on a stove and evaporating
the contents. It is not a necessary criterion to carry to dryness.

(2) The objective of evaporation is to reduce the volune of waste to
handl e by concentrating a solution consisting of a nonvolatile solute and a
volatile solvent, In the overwhel mMing majority of evaporations applicable to
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toxic waste sites, the solvent is water. Evaporation is conducted by vapori z-
ing a portion of the solvent to produce a concentrated solution or a thick
l'iquor.

(3) Evaporation differs fromdrying in that the residue is often a
hi ghly viscous liquid, rather than a solid; it differs fromdistillation in
that the vapor is usually a single conponent, and even when the vapor is a
m xture, no attenpt is nade in the evaporation step to separate the vapor into
fractions; it differs fromcrystallization in that the enphasis is placed on
concentrating a solution rather than form ng and building crystals. In cer-
tain situations, however (for exanmple, in the evaporation of brine to produce
salt), the line between evaporation and crystallization is not distinct.
Evaporati on sonetines produces a slurry of crystals in a saturated nother
l'iquor.

(4) It appears that evaporation will remain a popular unit operation
for many years to come even though energy requirenments are very significant.
As manufacturing facilities push toward zero di scharge through vari ous
recycling and recovery prograns, evaporation will play an inmportant role in
closing the loop in nmany of these operations.

b. Process Descri ption.

(1) There are many types of evaporators currently in use in the indus-
trial scene. The intent here is to introduce only the nost likely processes
whi ch may be applicable to hazardous waste problems. Evaporator systens nmay
be single or nultiple effect. This is anal ogous to saying they may be single
or multiple stages.

(2) Single-effect evaporators are used where the required capacity is
small, steamis cheap, the vapors or the liquids are so corrosive that very
expensi ve materials of construction are required, or when the vapor is so
contam nated that it cannot be used for steam Single-effect evaporators may
be operated in batch, sem batch, continuous batch, or continuous node. In any
configuration, the single-effect systemis the nost energy intensive with the
| east capital expenditure.

(3) Perhaps the nost wi dely used configuration is the nultiple-effect
schene. The choice of the number is up to the designer. Mst textbooks and

references to nmultiple-effect evaporators will typically show three effects as
shown in Figure 4-27. However, a systemmay theoretically have an infinite
nunber of effects. On the practical side, the nunmber of effects will be

[imted by a bal ance between capital cost and operating cost. Vapor fromthe
first effect is used as steam for the second effect and so on. Steam econony
of a multiple-effect evaporator will increase in proportion to the number of
effects, but will be somewhat |ess nunerically than the number of effects. A
system desi gned for producing pure water from seawater uses a 20-effect
system The steamto-product ratio is 1 to 19. The increased steam econony
is offset by an increase in capital expenditure.
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Figure 4-27. Three-Effect Evaporator.
(4) Energy requirements for evaporation will vary w dely dependi ng on
the nunber of effects used as indicated above. Also, the heat transfer
coefficients for a particular systemw |l influence the energy requirenents.

The normal operating range of energy for evaporation is 6.45 x 102 to 0.71
KWhr/Kg HO0 (100 to 1,100 BTU*s per pound of water) evaporated. The latter
val ue assunmes a single-effect systemwith little heat recovery.

C. Applications. Evaporation is a well-defined, well-established
process that is essentially omipresent in industry. It is being used
currently for the treatnent of hazardous waste such as radioactive |iquids and
sl udges, concentrating of plating and paint solvent waste, and in the pul p and
paper industry, six-effect evaporators are typically used to concentrate bl ack
[iquor while producing nethanol. It is capable of handling liquids, slurries,
and soneti nmes sludges, both organic and inorganic, containing suspended or
di ssol ved solids or dissolved |iquids where one of the conponents is
essentially nonvolatile. It can be used to reduce waste volume prior to
i ncineration or precipitation.

d. Advant ages/ Di sadvant ages. A summary of advantages and
di sadvant ages is presented bel ow
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Advant ages Di sadvant ages
Not a new technol ogy; has been Energy intensive process, offset
used nany years in the chenical somewhat by multiple-effect operation

process industries
Evaporation tubes are easily foul ed,
Large vol une reducti ons can be | owering heat transfer coefficients
realized
Requires a source of steam
Ef fective pretreatnent step
prior to incineration Bottons and condensate nmay require
further treatnment or disposa
Condensat e may be marketabl e

e. Dat a Requirenents. Data requirenents include:

(1) Thernodynam c data for stream being evaporated, i.e., sensible
heat, heat of vaporization over concentration range, heat of crystallization.

(2) Feed flow rate and tenperature
(3) Pressure and/or tenperature of avail able stream
(4) Vacuum or boiling tenmperature of the |ast stage.

(5) Suitability of vapor fromfirst stage as steam for the second
stage, etc.

(6) Quality of water to be evaporated, i.e. extent of concentration
(7) Number of effects or stages to be used.

(8) Heat transfer coefficients as a function of boiling tenperature and

NE

f. Design Criteria.

(1) Evaporation systens are generally designed to bal ance the cost
bet ween capital and operating costs. As additional effects are added to a
system the nore energy efficient the system beconmes. This savings in energy
will be at the expense of capital cost. At sone point, an optinum nunber of
effects will be realized. The nunber of effects is also constrained by the
avai |l abl e steam pressure for the first stage and the vacuum for the |ast
stage. Still another consideration is the quantity of material to be pro-
cessed. For very small volunes, a single stage may be sufficient.

(2) For waste treatment applications, the nunber of effects may be
established on the basis of the available quantity and quality of steam al ong
wi th good engineering judgnent. Heating surfaces in all effects of a multiple
ef fect system shoul d be equal to obtain econonmy of construction. Design
procedures are presented in Badger and Banchero (1955) and DeRenzo (1978).
Metry (1980) should be consulted for heat transfer considerations.
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Section IIl. In Situ Treatnent Technol ogi es

4-26. Biological Treatnment.

a. Process Descri ption.

(1) Organic materials in contam nated soils may be anmenable to bio-
degradation in place, or in situ. The process consists |largely of producing
conditions in the soil mass which pronote the rate of natural degradation by
endogenous organi sms. Conditions favoring bi odegradation include increased
aeration and nutrient concentrations. |In sone cases, seed cultures may
i ncrease the active popul ati on and be beneficial.

(2) The biodegradation process is slow relative to other renedi al
action technol ogies. Conplete degradati on of the waste could take severa
years and may never be conplete if refractory conpounds such as pol ynucl ear
aromatics are present. This is a mjor disadvantage, since additional nmigra-
tion of contam nants can occur during the treatment and even afterwards.

(3) This technique is generally linmted to those situations where the
waste material or contam nated soil is naturally aerated or where artificial
aeration is feasible. Procedures for the addition of nutrients such as nitro-
gen and phosphorus may be necessary if the waste material is deficient in
these constituents. Linme may be required to nmaintain proper pH

b. Applications.

(1) Situations where in situ biorenmediation could be applied are those
where conpl ete m xi ng and/ or aeration can be achieved. A primary application
is a chenmical spill or |andspreading operation where the wastes have not
m grated below tilling depth (about 305 to 610 nm (12 to 24 inches)), or a
surface inpoundment in which the waste is fluid enough to be nechanically
aerated and punped for m xing.

(2) Biodegradation has been used npst widely for treatnent of oily
sludges and refinery waste. Chlorinated solvents such as TCE or PCE are not
degraded effectively using current technol ogy; however, work is continuing on
these materials. Naturally occurring bacteria and special cultures have been
devel oped which are capabl e of degradi ng benzene, phenol, cresol, naphthal ene,
gasol i ne, kerosene, and cyanide, and many of their derivities.

C. Advant ages/ Di sadvantages. |In land treatment, if soils are not wel
aerated, waste degradation will occur only slowy, if at all. Because netals
are not degraded, careful attention should be given to the toxic netal |oad at
the site. Since the process can be very slow, additional mgration of contam
inants may take place during and after treatnent. Also, the possibility of
formng a toxic byproduct as a result of biodegradation should be considered.

d. Dat a Requi renents.

(1) The type, quantity, and distribution of the waste constituents will
have to be determ ned to select a nutrient, and air requirenents.
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(2) Tests must be made to determine if microorganisns are naturally
occurring which will breakdown the target chemicals. |f none are present,
enriching or seed cultures may be required.

(3) The site topography, hydrogeol ogy, and soil physical, chem cal, and
bi ol ogi cal properties are al so necessary to determ ne the injection and wth-
drawal systemrequirements and design

e. Design Criteria. The key factors for biodegradation include:

(1) Nutrient bal ance.

(2) pH maintenance.

(3) Soil aeration and/or oxygen availability.
(4) Degradation rate of waste constituents.
(5) Waste constituents and | ocation.

4-27. Cheni cal Oxidation.

a. Process Description. |In-situ |leachate treatnent introduces a
reactant into the contam nated region to interact with the | eachate plune.
Chemical injection entails injecting chemicals into the ground beneath the
waste (see Figure 4-28) to neutralize, precipitate, or destroy the |leachate
constituents of concern.

b. Applications. Sodium hypochlorite has been used to treat |eachate
containing cyanide (Tolman et al. 1978). Very little field data are avail -
able. The areal spread and depth of the |eachate plume nust be well charac-
terized so that injection wells can be placed properly to intercept all of the
cont am nated ground water.

cC. Advant ages/ Di sadvant ages.

(1) Pollutants may be displaced to adjacent areas when chem cal sol u-
tion is added.

(2) Hazardous conmpounds may be produced by reaction of injected cheni -
cal solution with waste constituents other than the treatnment target.

d. Dat a Requirenents. The principal data requirenments include the
contam nation plune characteristics: depth to bedrock, plume cross section
| eachate or ground-water velocity, and hydraulic gradient. Also the soi
permeability, |eachate conmposition, and reaction rates will have to be
det er ni ned.

e. Design Criteria. Chemical injection systens are in the conceptua
stage of devel opnment. The perneability of the soil beneath the waste nust be
known to determine the ground-water flow through the injected waste and the
reaction time between the contani nated ground-water and chem cal s.
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Figure 4-28. Cross Section of Landfill Treated by
Chemical Injection

4-28. Perneabl e Treatnent Beds.

a. Process Description. Permeable treatment beds use trenches filled
with a reactive perneable nediumto act as an underground reactor (see Figure
4-29). Contami nated ground water or |eachate entering the bed reacts to
produce a nonhazardous sol ubl e product or a solid precipitate.

b. Applications.

(1) Perneable treatment beds are applicable in relatively shallow aqui -
fers since a trench nust be constructed down to the |evel of the bedrock or an
i nperneabl e clay. Perneable treatnent beds often are effective only for a
short time as they may | ose reactive capacity or becone plugged with solids.
Overdesign of the system or replacenment of the perneabl e nedi um can | engthen
the tine period over which perneable treatment is effective.

(2) The materials used for this formof treatment are:

(a) Limestone or crushed shell- -Linestone neutralizes acidic ground
wat er and may renove heavy nmetals such as Cd, Fe, and Cr. Dolonitic |inestone
(MJCQ,) is less effective at renoving heavy netals than cal ci um carbonate
limestone. The particle size of the Iinestone should match a m x of grave
size and sand size. The larger sizes nminimze settling of the bed and
channeling as the |inestone dissolves. The small sizes maximn ze contact.
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PERMEABLE TREATMENT BED

Figure 4-29. 1Installation of a Permeable Treatment Bed

Extrapol at ed bench-scale data indicate contact tine needed to change 1 pH unit
is 8 to 15 days.

(b) Activated carbon- -Activated carbon renoves nonpol ar organic
contam nants such as Cd,, PCBs, and benzene by adsorption. Activated carbon
nmust be wetted and sieved prior to installation to ensure effective surface
sol ution contact.

(c) dauconitic green sand- -This sand, actually a clay, is found
predom nantly on the coastal plain of the Md Atlantic states and has a good
capacity for adsorbing heavy nmetals. Bench-scale studies indicate renoval
efficiencies of greater than 90 percent for As, Cu, Hg, and NI, and 60 to 89
percent for Al, Cd, Ca, Cr, Co, Fe, My, M1, and Zn, for detention tines on the
order of several days.

(d) Zeolites and synthetic ion exchange resins--These materials are
al so effective in renoving solubilized heavy nmetals. Disadvantages such as
short lifetime, high costs, and regeneration difficulties make these materials
econom cal ly unattractive for use in pernmeabl e treatnment beds.
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cC. Di sadvant ages.

(1) Plugging of the bed may divert contam nated ground water and
channel i ng through the bed may occur. Both problens permt passage of
untreated wastes.

(2) Changing hydraulic | oads and/ or contani nant |evels may render the
detention inadequate to achi eve the design renoval |evel

d. Dat a Requirenents. The principal data requirenments include the
contam nation plune characteristics: depth to bedrock, plume cross section
| eachate or ground-water velocity, and hydraulic gradient. Also the soi
permeability, |eachate conmposition, and reaction rates will have to be
det er ni ned.

e. Design Criteria.

(1) A perneable treatnment bed is constructed by digging a trench to an
i nper neabl e | ayer (bedrock or clay), filling the trench with the appropriate
material, and capping to control infiltration. The width of the trench is
determ ned by the pernmeability of the material used for treatment, the ground-
water flow velocity, and the contact tine required for treatnent. These
paranmeters are rel ated as:

W= (V) (o) (4-8)

wher e

barrier width, m

&
1

v, = ground-water flow velocity in the barrier, nfsec

contact time to achieve the desired renoval, sec

—
o
1

Ground-water velocity, v, in turn, is determ ned by Darcy*s | aw

v = ks (4-9)
wher e
s = the gradient or |loss of head per unit length in the direction
of flow (unitless)
k = coefficient of perneability, a soil-specific value, msec

(2) Since the ground-water velocity through the perneabl e bed cannot be
predeterm ned, the trench should be designed for the maxi num ground-wat er
vel ocity through the soil. |If one assumes the hydraulic gradient is equal for
the soil and the permeability bed, the pernmeability of the barrier must equa
that of the soil
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4-29. Soil Flushing.

a. Process Description. Solution mining (extraction) is the applica-
tion of a solvent to a waste solid or sludge, and collection of the elutriate
at well points for the renoval and/or treatnent of hazardous waste constitu-
ents. Typically, solvents used are water, acids (sulfuric, hydrochloric,
nitric, phosphoric, carbonic), ammonia, and/or chel ating agents such as EDTA
whi ch sol ubilize heavy metals and other inorganic ions. As the solvent is
collected, a fraction can be recycled through the landfill with a make-up
solution. The remainder can be treated and di sposed.

b. Applications. Chemical extraction has been used by the chenica
processing and mning industries for many years. The techniques are wel
under st ood, but experience with in-situ treatment of hazardous waste is |ack-
ing. Therefore, very little data are available on the application of this
technology in a renedial action setting. Bench-scale |aboratory studies of
extraction of heavy netals from sludges and plans to conduct full-scale netal
extraction fromindustrial wastes have been made.

cC. Advant ages/ Di sadvant ages.

(1) The advantages of the process are that, if the waste is anmenable to
this technique and distribution, collection, and treatnment costs are rel a-
tively low, solution mning can present an econonical alternative to the exca-
vation and treatnment of the wastes. It nay be particularly applicable if
there is a high safety and health hazard associated with excavation. Also,
the effectiveness and conpletion of the treatnment process can be neasured via
sampling prior to wastewater treatnent.

(2) Disadvantages include an uncertainty with respect to adequate
contact with wastes; that is, because the wastes are buried, it is difficult
to deterni ne whether the solvent has contacted all the waste. Also, contain-
eri zed waste cannot be treated effectively by this nmethod. Another dis-
advantage is that the solution mning solvent or elutriate nay becone a
pollutant itself if the system has been poorly designed.

d. Data Requirenents. Principal data requirenments woul d include
| aboratory testing to determnmine extraction efficiency of the solvents and
wast e anal ysis for presence of constituents not conpatible with the sol vent.
Al so, field testing and a geohydrol ogic site survey to establish potential for
solvent migration into uncontani nated ground water and to establish wel
pl acenent sites for collection of the elutriate are required.

e. Design Criteria. The data requirements will determine the
sel ection of an extraction solvent, the well placenent for collection of the
elutriate, and the injection well |ocations for the extracting sol vent.

4-30. Vapor Extraction.

a. Background. Soils may beconme contanminated in a nunber of ways with
such vol atile organic chenicals as industrial solvents and gasoline conpo-
nents. The sources of contam nation at or near the earth*s surface include
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i ntentional disposal, |eaking underground storage tanks, and accidenta
spills. Contam nation of ground water fromthese sources can continue even
after discharge has stopped because the unsaturated zone above a ground-water
aquifer can retain a portion or all of the contam nant discharge. As rain
infiltrates, chemcals elute fromthe contaminated soil and nigrate toward
ground water.

b. Process Descri ption.

(1) A soil vapor extraction, a forced air venting, or an in situ air
stripping system (Figure 4-30) revolves around the extraction of air contain-
ing volatile chemcals fromunsaturated soil. Fresh air is injected or flows
into the subsurface at |ocations around a spill site, and the vapor-laden air
is withdrawn under vacuum fromrecovery or extraction wells.

Vapor
Treatment

Air/Water
Extraction Separator Biower
Well I
-+ - - - -» -+ - - - f-a L
iniet 1 -
Well
! 7
_.’ J.' T 't Cap
g
e B 1 Qe
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Figure 4-30. Soil Vapor Extraction System (Terravac, Inc.)

(2) In the sinplest soil vapor extraction systens, air flows to an
extraction well fromthe ground surface. To enhance air flow through zones of
maxi mum cont anmi nation, it nay be desirable to include air inlet wells in the
installation. These injection wells or air vents, whose function is to con-
trol the flow of air into a contam nated zone, may be | ocated at numerous
pl aces around the site. Typically, injection wells and air vents are con-
structed simlarly to extraction wells. |In some installations, extraction
wel | s have been designed so they can al so be used as air inlets. Usually,
only a fraction of extracted air comes fromair inlets. This indicates that
air drawn fromthe surface is the predom nant source of clean air

(3) Extraction wells are typically designed to fully penetrate the
unsaturated zone to the capillary fringe. Extraction wells usually consist of
slotted plastic pipe placed in permeabl e packing and seal ed near the surface
to avoid “short-circuiting.” (See al so paragraph 3-13 on well points).
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(4) During renmediation, the blower is turned on and the air flow
t hrough the soil cones to an equilibrium The flows that are finally
established are a function of the equipnment, the flow control devices, the
geonetry of well layout, the site characteristics, and the air perneability of
the soil. At the end of operation, the final distribution of VOCs in the soi
can be neasured to ensure decontam nation of the site. Wlls nay be aligned
vertically or horizontally. Vertical alignnent is typical for deeper contani -
nati on zones and for residue in radial flow patterns. |If the depth of the
contam nated soil or the depth to the ground-water table is less than 10 to 15
feet, it may be nore practical to dig a trench across the area of contam -
nation and install horizontal perforated piping in the trench bottomrather
than to install vertical extraction wells. Usually several wells are
installed at a site.

(5) The neans to verify the success of cleanup is often problematic.
Soil sanpling is difficult to use because of the uncertainties in replicating
the sanpling results at a location. Measuring the soil gas concentrations are
nore repeatable but difficult to relate to regulatory standards, where they
exi st.

C. Applications. Alternatives for decontani nating unsaturated soi

i ncl ude excavation with onsite or offsite treatnent or disposal, biologica
degradation, and soil flushing. Soil vapor extraction is also an accepted,
cost-effective technique to renove volatile organic chemicals fromcontani -
nated soils. Soil vapor extraction can be effectively used for renmoving a
wi de range of volatile chemicals in a wide range of conditions. The design
and operation of these systens is flexible enough to allow for rapid changes
in operation, thus, optimzing the renmoval of chem cals.

d. Advant ages/ Di sadvant ages. Advant ages and di sadvant ages of soi
vapor extraction are sumarized bel ow.

Advant ages Di sadvant ages
M ni mal di sturbance of the There are few guidelines for the
cont am nat ed soil optimal design, installation, and

operation of soil vapor extraction
Systems can be constructed from

st andard equi pnent Theoretically based desi gn equations
defining the linmts of this
Systenms have been denpnstrated at technol ogy are | acking and system
pilot- and field-scale designs are nostly enpirica
Systenms can be used to treat |arger Al ternative designs can only be
vol unes of soil than are practical conpared by the actual construc-
for excavation tion, operation, and nonitoring

of each design
Systens have the potential for
product recovery system

(Conti nued)
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Advant ages Di sadvant ages
Spills can be cleaned up before the Vapors and condensed | i quids
chemnical s reach the ground water collected fromthe wells may
tabl e require treatnent prior to
di scharge to the air
Systenms can be integrated with other
cl eanup technol ogies to provide Extraction of volatile chenicals
conpl ete restoration of contam - fromclays and silts may be
nated sites difficult
Can treat soils at depths greater Det erm ni ng when the site is
than in range of excavation sufficiently clean to cease
operation
e. Data Requirenents. A nunber of variables characterize the

successful design and operation of a vapor extraction system

(1) Site conditions: Distribution of VOCs, depth to ground water,
infiltration rate, |ocation of heterogeneities including paved or seal ed
areas, tenperature, atnospheric pressure.

(2) Soil properties: Pernmeability, porosity, organic carbon content,
soi|l structure, soil noisture characteristics, particle size distribution

(3) Control variables: Air withdrawal rate, well configuration
extraction well spacing, vent well spacing, ground surface covering, inlet air
VOC concentrati on and noi sture content, punping duration.

(4) Response variables: Pressure gradients, final distribution of VOCs,
final noisture content, extracted air concentration, extracted air
tenmperature, extracted air noisture, power usage.

(5) Chenical properties: Henry*s constant, solubility, adsorption
equilibrium diffusivity (air and water), density, viscosity.

f. Design Criteria. The design and operation of soil vapor extraction
systens can be quite flexible; changes can be made during the course of
operation with regard to well placenent, or blower size, or air flows from
i ndividual wells. |If the systemis not operating effectively, changes in the
wel | placement or capping the surface may inprove it. Based on the current
state of the technol ogy of soil vapor extraction systenms, the follow ng design
criteria can be recomended.

(1) Intermttent blower operation is probably nore efficient in terns
of removing the nost chenmical with the | east energy.

(2) Extraction wells are usually screened froma depth of from1.5 to 3
m(5 to 10 feet) below the surface to the ground-water table. For thick zones
of unsaturated soil, maxi mum screen lengths of 6.1 to 9.1 m (20 to 30 feet)
are specifi ed.
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(3) Air/water separators are sinple to construct and shoul d probably be
installed in every system

(4) Installation of a cap over the area to be vented reduces the chance
of extracting water and extends the path that air follows fromthe ground
surface, thereby increasing the volunme of soil treated.

(5) Increnental installation of wells, although probably nore expen-
sive, allows for a greater degree of freedomin design. Mdular construction
where the nost contaminated zones are vented first is preferable.

(6) Use of soil vapor probes in conjunction with soil borings to assess
final cleanup is | ess expensive than use of soil borings alone. Usually a
conplete materials balance on a given site is inpossible because nost sites
have an unknown amount of VOC in the soil and in the ground water.

(7) Soil vapor extraction systenms are usually only part of a site
renmedi ati on system

(8) Although a nunber of variables intuitively affect the rate of
chemical extraction, no extensive study to correlate variables to extraction
rates has been identified.

(9) well spacing is usually based on some estinmate of the radius of
i nfluence of an individual extraction well. Well spacing has ranged from 15
to 100 feet. Well spacing should be decreased as soil bulk density increases
or the porosity of the soil decreases. One of the nmajor differences noted
bet ween systens was the soil boring dianeter. Larger borings are preferred to
m nimze extracting liquid water fromthe soil

(10) Wells should be constructed with approxi mately 20 feet of bl ank
casings between the top of the screen and the soil surface to prevent the
short circuiting of air and to aid in the extraction of deep contani nation.

(11) Initial VOC recovery rates are relatively high, then decrease
asynptotically to zero with tinme. Several studies have indicated that
intermttent venting fromindividual wells is probably nore efficient in termns
of mass of VOC extracted per unit of energy expended. This is especially true
when extracting fromsoils where mass transfer is limted by diffusion out of
i mobi | e water.

(12) Optinmal operation of a soil vapor extraction system may involve
taking individual wells in and out of service to allowtime for liquid
di ffusion and to change air flow patterns in the regi on being vented.

(13) Air injection has the advantage of controlling air noverment, but
i njection systens need to be carefully designed.
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